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This thesis is concerned with the development of physico-chemical techniques to 
characterise the properties of water soluble non-starch polysaccharides (s-NSP). The 
first part of this project was to characterise the structure and solution properties of s- 
NSP extracted from a plant, Detarium senegalense Gmelin. The extracted s-NSP was 
analysed by GLC and found to be similar in structure to tamarind xyloglucan. This was 
confirmed by comparing the oligosaccharides released on enzymatic digestion with those 
obtained from tamarind xyloglucan. Histochernical examination of detariurn seed showed 
the presence of xyloglucan in highly thickened cell walls. The intrinsic viscosity of 
detariurn gum was found to be high, indicating that the sample was of high molecular 
weight. The semi-dilute solution characteristics investigated by steady and dynamic 
shear rheometry, suggest that detarium gum is a well behaved linear polymer 
entanglement system. Static light scattering was also successfully applied to examine the 
molecular weight and architecture of the detarium xyloglucan macromolecules. 
The physiological behaviour of s-NSP when consumed is critically dependent on their 
physico-chemical properties, including the rate and degree of hydration. In the second 
part of the project a method for determining the hydration rate of a powdered form of s- 
NSP was developed. A logarithmic model for describing the hydration kinetics of guar 
gum was also established. This model was used to investigate the effects of polymer 
concentration (C), molecular weight (M), and particle size on the hydration rate of guar 
gum. The results showed that there was a significant inverse relationship between 
hydration rate and M and mean particle size, respectively. The hydration rate increased 
with increasing C at a low concentration range, but decreased when C>1.2% (w/w). 
The pH in the lumen of the gastrointestinal tract of human is acidic, usually between 2.0 
and 1.5 after a meal. The stability of guar gum in acidic conditions was investigated at 
temperatures 25,37 and 50'C. The results indicated that there was unlikely to be 
significant acidic degradation of guar gum in the human gastrointes final tract. The pH 
condition was also found to influence the hydration rate of guar gum. In general, the 
hydration rate was lower in an acid environment than it was in neutral conditions. 
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1.1.1 Physico-chemical and functional properties of NSP 
polysaccharides are linear or branched carbohydrate polymers which form a major 
constituent of food consumed by humans. Among the polysaccharides, starch occupies a 
unique position because of its wide usage as a major food carbohydrate source. The 
remainder are collectively known as non-starch polysaccharides (NSP), which are the 
main subject studied in this thesis. The molecular structures of NSP are complicated and 
diverse as will be described in Chapter 2. This leads to various physical properties and 
functionality of NSP with wide applications in a range of industries. These polymers may 
alter the properties of aqueous solutions (dispersion) by increasing viscosity, forming 
gels (or weak gels) and affecting surface properties of foams. The functionality of these 
polymers is largely dependent on their physico-chemical properties. Therefore, the 
investigation of the physical and chemical characteristics of these polymers is 
fundamental to the prediction of their functionality in practical applications. 
However, most polysaccharides have been used for a long time without there being 
concerned with the underlying chemistry and physics of polysaccharide systems. In 
particular, most of these substances had received relatively little attention from physical 
chemists until the 1960s (Tanford, 1961). During the last few decades, one of the 
advances in polysaccharide research has been to relate the molecular constitution of 
polysaccharides to their physical properties and hence functionality, which was inspired 
originally by the work of D. A. Rees and co-workers in the 1960s and 1970s (Rees, 
1977). Since then, there has been a significant growth in interest in this area. The 
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success in employing a range of modem techniques, such as light scattering and 
rheology techniques, for characterising the physico-chemical properties of these 
polymers has stimulated studies in this area. Consequently, a number of important 
theories and models have been proposed to describe the polysaccharides and other 
biopolymers: both on the molecular and macromolecular levels. These theories have 
enabled us to have a deeper understanding of the mechanisms underlying the functional 
effects of these polymers. 
1.1.2 Biological and nutritional role of NSP 
NSP represent a large group of biopolymers which can be obtained in nature from 
plants, micro-organisms and animals. In nature they have a wide range of functions. 
Some of them form the principal bulk carbohydrate reserve in plant seeds and are 
mobilised after germination, such as guar gum and tamarind gum. Some others 
contribute to the integrity and mechanical strength of plant tissues, examples here being 
cellulose and pectin. 
From a nutritional standpoint, NSP contribute to the major components of dietary fibre 
(DF). The role of DF in human nutrition and health has become increasingly appreciated 
since the late 1960s. In recent years, the nutritional and therapeutic benefits of NSP, 
notably in the treatment of metabolic disorders, such as diabetes mellitus and 
hyperlipidemia, have been more widely appreciated (Ellis, 1994). It has been known that 
NSP mainly from plant food sources have marked effects on the physical properties of 
digesta at all sites of the gastrointestinal (GI) tract (Edwards, 1995). The consumption 
of NSP, in the form of plant cell walls or purified extracts, can strongly influence GI 
functions, including the rate and extent of nutrient absorption in the small intestine and 
bacterial fermentation in the large intestine. Therefore, the study of the mechanism 
underlying the physiological effects of NSP has been one of the hottest topics in the 
nutritional research areas during the past few decades. Although numerous research 
reports have been published, the mechanisms by which different NSP influenced 
physiological processes have not yet been elucidated (Edwards, 1995). 
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Dietary fibre consisting of mainly water-insoluble NSP has been added to food for 
promoting health for more than 30 years. However, for a long time, the inclusion of 
water-soluble NSP (s-NSP) in foods has rarely been used for changing their nutritional 
qualities, but only to assist processing, or changing structural and textural properties. 
But in recent years, s-NSP have been incorporated into a variety of food products with 
the aim of changing their nutritional properties. These NSP-supplemented foods 
developed for nutritional and health purposes are often termed 'functional foods'. 
1.1.3 Hydration property in relation to the physiological 
effects of s-NSP 
It has been known that many s-NSP can significantly modulate carbohydrate and lipid 
metabolism in experimental animals and man (Jenkins, et al. 1976; Gee, et al. 1983; 
Ellis, et al., 1991). The mechanisms by which these types of dietary fibre elicit their 
physiological effects are still not completely understood. Nevertheless, it has been 
widely accepted that the physiological action of soluble NSP largely depends on the 
capacity of these polymers to hydrate and increase the viscosity of digesta in the upper 
gastrointestinal tract (Jenkins, et al., 1978; Edwards, 1995; Ellis, et al., 1995). From this 
point of view, the rheological behaviour of s-NSP in solution is likely to be used as an 
indicator of their potential biological function. 
'ne critical importance of the rate and degree of hydration of s-NSP in determining the 
biological activity of these polymers has been demonstrated by a number of research 
groups (O'Connor, et A, 1981; Heppell and Rainbird, 1985; Ellis and Morris, 1991). 
Those s-NSP with high molecular weight cannot confer their full viscosity until they are 
properly hydrated. The disappointing performance of some commercial guar granules in 
lowering post-prandial levels of blood glucose and insulin may simply due to their 
inability to dissolve during their transit time along the upper GI tract (Ellis and Morris, 
1991). 
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Like many other substances, the hydration properties of s-NSP are inevitably affected by 
a range of physico-chemical properties and the environmental conditions where they 
hydrate. Study of the effects of these factors on the hydration properties is obviously 
fundamental to understanding the physiological mechanisms and clinical role of these 
polymers. The development of a rheological method for studying the hydration kinetics 
of s-NSP is not only useful for evaluating some of the nutritional properties of these 
materials, but is also important in investigating their functional properties in general (i. e. 
viscosity enhancing). Such a technique may also have value in studying the relationship 
between the rheological properties of digesta in the small intestine and the digestion and 
absorption kinetics of starch and other nutrients. 
Guar gum has been selected as an example of s-NSP for the hydration kinetic study in 
this project. Ilis is because guar gum is not only one of most well-characterised s-NSP, 
but it is also mostly commonly used as a model soluble dietary fibre in clinical nutrition. 
Moreover, it is commercially available in a range of average molecular weights. There is 
a practical need to investigate the hydration behaviour of different grades of guar gum in 
order to study their physiological effects. 
1.2 Aims 
This thesis is concerned with the development of physico-chemical techniques to 
characterise the structure and properties of non-starch polysaccharides, in particular 
those related to nutritional aspects. The project was divided into two phases involving 
studies of two different polysaccharides. The first phase involved characterising the 
structure and macromolecular solution properties of purified s-NSP from a traditional 
Nigerian plant: Detarium senegalense Gmelin. The aims of this work was: (1) to 
determine the molecular structure of detarium polysaccharides by the use of total acid 
hydrolysis and enzymatic hydrolysis methods; (2) to examine molecular weight and 
architecture of detarium polysaccharides using rheological and laser scattering 
techniques and (3) to investigate the macromolecular solution properties by steady and 
dynamic shear rheometry. 
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The second part of this project was concerned with developing a rheological method for 
studying the hydration kinetics of a s-NSP, namely, guar gum. A range of commercial 
food grade guar gum flours were selected for this study. The aims of this study was: (1) 
to develop an hydration technique for measuring the hydration rate; (2) to seek an 
appropriate empirical model for describing the hydration process of guar gum powders. 
Attempts were made to develop a simple empirical model by mathematical curve fitting 
approaches, and (3) to study a number of physico-chemical variables that are likely to 
influence the hydration behaviour of guar gum powders using the same hydration 
technique and model. These factors include polymer concentration, molecular weight, 
particle size and pH levels. 
1.3 Outline of thesis 
This thesis is divided into ten chapters. After a brief introductory chapter there follows a 
review of the general literature (Chapter 2). The review starts with the general 
description of polysaccharides, focusing on their basic molecular structures and physical 
and functional properties. Some individual polysaccharides that are commonly used in 
research and industry are described. The rheological and light scattering techniques have 
been two important methods for studying the physico-chemical properties of 
polysaccharides in this thesis. The basic theory and a number of important studies on 
rheology and light scattering of polysaccharide systems are also reviewed in this chapter. 
In subsequent sections of Chapter 2, there is a review of the physiological aspects of 
NSP, when they are used as a major ingredient of the diet. The recent development in 
the area of physiological effects of NSP (mainly s-NSP) and the underlying mechanisms 
are summarised in reasonable detail. This has led to recognising the important role of the 
hydration behaviour of s-NSP in determining their physiological functions. Therefore, a 
number of important research studies carried out on the hydration kinetics of polymers 
were subsequently reviewed. The experimental techniques that were used throughout 
this research project are described in Chapter 3. Other techniques used are given in the 
appropriate chapters. Chapters 4 and 5 describe the characterisation of a new 
polysaccharide sample from detarium gum, using a wide range of physico-chen-&al 
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techniques. Chapter 4 includes the results of the isolation of the polymers and the 
determination of the molecular structure of these polymer extracts. The molecular 
weight and macromolecular solution properties of these polysaccharides are then 
investigated in Chapter 5 using rheological, and static light scattering techniques. 
The second phase of the work is described in Chapters 6-9, and discuss the results of 
experiments designed to study hydration kinetics of guar gum. Chapter 6 involves 
developing a rheological method for the measurement of hydration rate of 
polysaccharide powders. It also includes the establishment of an empirical mathematical 
model for describing the hydration rate of these guar gum flours. A number of other 
hydration models previously developed are also discussed in this chapter. In Chapter 7, 
the effects of polymer concentration and molecular weight on the hydration rate of guar 
gum flours were investigated using the hydration technique and the mathematical model 
developed in Chapter 6. The hydration behaviour of a range of commercial food grades 
of guar gum flour of different average molecular weights was examined. The effects of 
particle size of guar gum on hydration rate was comprehensively studied and discussed 
in Chapter 8. The polynomial regression method was applied to describe the hydration 
rate and a useful hydration index was defined for the comparison of hydration rate of 
different samples. In Chapter 9, the stability of guar gum polysaccharides under acidic 
conditions was investigated using dilute solutions at temperature 25,37 and 50*C. The 
effects of pH on the hydration rate of guar gum under acidic conditions were also 
investigated using the hydration model developed in Chapter 6. 
In the final chapter of the thesis (Chapter 10), there is a summary of the main 
conclusions drawn from this project and a discussion of the possible future experiments 
that need to be carried out. 
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2.1.1 General structures and physical properties 
Polysaccharides are high-molecular-weight carbohydrates which can be viewed as 
condensation polymers in which monosaccharides have been joined by 0-glycosidic 
linkages with elimination of water. The term polysaccharide is limited generally to those 
polymers containing ten or more monosaccharide residues. The carbohydrates 
comprising 2-10 monosaccharide units are called oligosaccharides. Most 
polysaccharides as found in nature contain a hundred to several thousand 
monosaccharide units. 
Polysaccharides show considerable diversity in structure and are often named according 
to the constituent sugars and their glycosidic linkages. In such a classification, 
polysaccharides hydrolysing to only one monosaccharide type are termed homoglycans, 
while polysaccharides hydrolysing to two or more monosaccharide types are termed 
heteroglycans. The same type of monosaccharide units can be linked in various ways to 
give polysaccharide of different macromolecular structures and physical properties. 
Conversely, different monosaccharides linked in the same way often give 
polysaccharides with closely similar properties. For example, Fig. 2.1 illustrates some of 
the inter-residue linkage patterns and their resulting secondary structures. Each type of 
bonding pattern gives rise to a characteristic ordered structure with associated 
characteristic physical properties. In Fig. 2.1 a the residues are linked together through 
equatorial bonds diagonally opposite each other across the sugar ring, so that the bonds 
to and from each residue are almost parallel. This linkage pattern gives a flat, ribbon-like 
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secondary structure and the polymer chains tend to packed tightly together into ordered 
assemblies such as cellulose microfibrils. When the bonds to and from each residue are 
not parallel as shown in Fig. 2.1b, a systematic twist in chain direction is introduced. 
This type of linkage often gives a helical ordered structure which is usually stabilised by 
packing together co-axially. One of the examples of this type of structure is amylose 
which is composed of (1-->4)-(x-D-glucopyranose repeating units. In Fig. 2.1c, although 
the bonds to and from each residue are still parallel and opposite to each other, they are 
in the axial position rather than equatorial one. This again results in an ordered ribbon- 
like, but highly buckled structure, so that the chains usually pack together giving cavities 





Fig. 2.1 Inter-residue linkage patterns of polysaccharide chains and their resulting 
secondary struclures. (a) flat ribbons, (b) hollow helices, and (c) buckled ribbons. 
Bolded arrows denote the linkage bonds to andfrom each residue are parallel (a and 
c) or not parallel (b) (Morris, 1990b). 
In contrast to the highly ordered structures of polysaccharides which are often 
mechanically strong and almost totally insoluble in water as, for example, in the case for 
26 
Chapter 2 Literature review 
cellulose, the disordered chains of polysaccharides can exist in solution as fluctuating 
coils, giving entanglement networks above the critical concentration C* (Fig. 2.2a). The 
rheological properties of this entanglement system will be discussed further in the next 
section. In between the above two extreme cases, polysaccharides can also contain both 
ordered and disordered regions within the same polymer chains. In this case, a three 
dimensional, cross-linked gel system may be formed under certain conditions by the co- 
existence of the disordered soluble regions (solubilizing sequences) and ordered 








Fig. 2.2 Schematic representation of the polysaccharide system in solutions giving (a) 
entangled disordered coils and (b) gel systeins (Morris, 1990b). 
The relationship between the chemical structure of polysaccharide and its physical 
properties has begun to receive notably attention since the past few decades. The 
diversity in structure of polysaccharides causes a wide variety of physical and functional 
properties. The usefulness of these functional properties has resulted in an enormous 
application of polysaccharides in industry. For example, the water-soluble 
polysaccharides have been widely used in industry because of their capacity to modify 
the properties of aqueous phases, that is their capacity to thicken, emulsify, stabilise, 
encapsulate, or to form gels and films etc. Only recently, the nutritional significance of 
the polysaccharides other than starch in our diet has become apparent and this aspect 
will be discussed in more detail later in this chapter. The following sections we will 
27 
Chapter 2 Literature review 
briefly review the most commonly used polysaccharides in research and industry, 
particularly in -food and pharmaceutical industries, according to the. sources of the 
polysaccharides, namely, plant, marine and microbial polysaccharides. 
2.1.2 Plant polysaccharides 
2.1.2.1 oc-glucans (Starch) 
Starch is a major reserve polysaccharide of plants and probably the second most 
abundant carbohydrate in nature next to cellulose. Tberefore, the structures, properties 
and utilisation of this polysaccharide have been the subject of many investigations since 
the beginning of modem chemistry and biochemistry. Starch usually appears in the form 
of granules within the protoplasm of many plant cells. It is a mixture of two structurally 
different polysaccharides: the linear type molecules are defined as amylose, and the 
remainder, the largely branched molecules, as amylopectin. Both arnylose and 
amylopectin are composed of D-glucopyranose units as shown in Fig. 2.3. In amylose, 
more than 300 units at least are uniformly linked by (1-4)-oc-glucosidic: bonds, which 
tend to induce a spiralling of the molecule in a helix-like fashion. In amylopectin, the 
majority of the units are also connected (1->4) with (x links, but there are (1-46)-a- 






HO OH (- 0 ** 
Fig. 2.3 Representative of the chemical structure of starch, where R=H in amylose 
and R= (1 -->6)-ot-D-glucopyranose in amylopectin. 
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The majority of starches of different sources have nearly identical ratios of amylose to 
amylopectin. The most prevalent composition found in corn, wheat, potato starches, 
etc., is 20 - 28% amylose and 72 - 80% amylopectin (Whistler and Corbett, 1957). The 
relative amounts of amylose and amylopectin are significant in relationship to the 
application of a starch. The manifold functions of starch and its derivatives, such as their 
ethers, esters and depolymerized starch, enable these materials to be used in a wide 
range of food and many other industries. It can yield viscous dispersions, solutions, or 
gels depending on concentration and temperature conditions. Therefore, it can work as a 
thickener, a gelling agent, an absorber of water, a source of energy in fermentation and a 
bulking agent. The physico-chemical and functional properties of starch have been 
reviewed comprehensively by Eliasson and Gudmundsson (1996). 
Although starch is readily digested in the human small intestine and thereby utilised as a 
source of carbohydrate, not all the starch in food is necessarily available to human 
digestion. For example, the starches in raw potatoes and unripe bananas are in a 
crystalline form that is highly resistant to intestinal hydrolysis. The so-called "resistant 
starch" which is usually formed when starchy material is heated in the absence of 
abundant water, cannot be digested by endogenous digestive enzymes of human. These 
fractions of starch can therefore be classified as an insoluble fibre component. 
2.1.2.2 P-Glucans 
2.1.2.2.1 Cellulose 
Cellulose, the most abundant organic chemical on earth, is an essential component of 
most plant cell walls. It is a high molecular weight linear polymer consisting of (I -A)-P- 
D-glucopyranose with at least 3000 units (Fig. 2.4). The solid state conformations of 
cellulose are extended flat-ribbon arrangement maintained by intramolecular hydrogen 
bonding. The essentially linear structure of cellulose molecules results in a compact and 
tightly-bonded aggregate by the intermolecular association and hydrogen bonding of 
parallel molecules. Therefore, cellulose is virtually insoluble in aqueous solutions and 
resistant to all but the most vigorous chemical treatments. For instance, it can be made 
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soluble in 72% (w/w) sulphuric acid because sulphonation takes place at the C6 
hydroxyl group, thereby breaking the hydrogen bonds and intermolecular association. 
Cellulose and its modified forms, such as hydroxyethyl- and hydroxypropylmethyl- 
cellulose, carboxymethy1cellulose and methylcellulose, are used in a large number of 
industrial applications. These modified celluloses have many different functional 
properties compared to native cellulose. Many of them are soluble in water or alcohol- 
water mixtures giving viscous dispersions. They are used in cosmetics and health care 
products because of good compatibility with surfactants and salts. Other applications of 
these polymers include membrane manufacturing (Uragami and Shinomiya, 1992), 
textile aids, adhesives, coatings, detergents, and building materials (Lapasin and Pricl, 
1995). 
CH2OH HO HO 
HO ru-nu 
0 
. 00,4 0a 
OH CH2OH 
Fig. 2.4 Chemical structure of cellulose. 
2.1.2.2.2 Oat gum 
Oat gum isolated from starchy endosperm cell wall of oats (Avena Sativa L. ) is mostly 
P-glucan consisting mainly of D-(l-A)-linked, 3-0-0-cellobiosyl- and 3-0-D- 
cellotriosyl-D-glucopyranose as shown in Fig. 2.5 (Wood, et at, 1978). The aqueous 
solution of oat gum is highly viscous and it is a typical non-gelling polysaccharides. 
Wood el at (1978) found that oat gum extracted from dehulled oats with alkaline 
solution has a greater viscosity than most commercial products of oat gum and barley 
gum. Barley gum is also rich in 0-glucan but consisted mainly of cellotriosyl and 
cellotetraosyl units joined together by single (I -0)-P-linkages (Bathgate, el at, 1974). 
Oat gum has received much attention recently because of its cholesterol-lowering effects 
and other beneficial effects to human health (Wood, el at, 1992; Braaten, et at, 1993). 
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Fig. 2.5 Repeating units of oat fl-glucan, n=I or 2. 
2.1.2.3 Substituted P-mannans 
This is a group of cell wall storage polysaccharides which are all based on a linear 
(1->4)-p-D-mannopyranan backbone. They may be subdivided into two major groups: 
glucomannans in which some of the D-mannopyranose residues in the backbone are 
replaced by D-glucopyranose, and galactomannans in which the backbone carries (I -->6)- 
CC-D-galactopyrannosyl substituents. 
2.1.2.3.1 Galactomannans 
Galactomannans are one of the best characterised of all the storage carbohydrates which 
reflects their industrial importance. Structurally, seed galactomannans consist of a 
(1-+4)-o-D-mannopyranose backbone with heavy substitution of single (1-ý6)-cc-D- 
galactopyranosyl side chains (Fig. 2.6). The ratio of galactose to mannose varies with 
origins. The two mostly commonly used galactomannans are guar and locust bean gum. 
Guar aum 
Guar gum is produced from the seed endosperm of the leguminous plant Cyamopsis 
tetragonoloba (L. ), a native plant of India. The native guar gum is of high molecular 
weight (Barth and Sn-dth, et aL, 1981; Herald, 1986; Reid, et aL, 1987) and the 
molecular weight of extracted polymer has been estimated to range from 0.5xlO6 to 
1.1XI07 . The ratio of galactose to mannose is typically 1: 2. Guar gum products with a 
wide range of average molecular weight are also commercially available. 
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Fig. 2.6 Chemical structure of atypical galactomannan. 
Guar gum hydrates in both cold and hot water to give high viscosity solutions. The 
hydration rate and final viscosity depend on factors such as particle size, pH, and 
temperature etc. Guar gum solutions are reported to be stable over the approximate pH 
range 4.0 - 10.5, and highest hydration rate is reported to be at pH 8.0 (Sandford and 
Baird, 1983). Hydration rates are reduced in the presence of dissolved salts and other 
water-binding agents such as sucrose. 
Guar gum is compatible with most other hydrocolloids. Like other non-ionic polymers, 
guar gum and its derivatives also exhibit viscosity synergism in solution when combined 
with anionic surfactants and especially anionic polymers. For example, there is a useful 
synergistic increase in viscosity given by blends of guar gum with xanthan gum and 1C- 
carrageenan. Viscosity of these mixtures can be many times greater than that of either 
component alone. 
The high thickening efficiency and good compatibility combined with wide availability 
have resulted in guar gum being the most extensively used gum in food and 
pharmaceutical industries. Apart from this, guar gum and its derived polymers are 
leading processing aids in raining and mineral industry for the recovery and separation of 
some metals from ores. Its derivatives, such as, hydroxypropyl- and carboxymethyl- 
hydroxypropyl-guar gum, cross-linked with A13' and Ti4+ , 
have been commonly used in 
the oil recovery operations. Furthermore, an aqueous solution of guar gum is generally 
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the oil recovery operations. Furthermore, an aqueous solution of guar gum is generally 
recognised to be a model entanglement network system (Robinson, et A, 1982; 
Richardson and Ross-Murphy, 1987a) in polymer studies. 
Locust bean eum 
Locust bean gum (LBG) is another type of galactomannan obtained from the ground 
endosperm of Ceretonia siliqua (L. ), a leguminous tree grown in the Mediterranean 
countries. The ratio of galactose to mannose of LBG is about 1: 4-5. This lower degree 
of branching is believed to account for the differences in properties between LBG and 
guar gum. One estimation of the average molecular weight of LBG is 3x 10' (Gaisford, et 
al., 1986). 
Locust bean gum is only slightly soluble in cold water and must be heated to 80'C and 
re-cooled to obtain the maximum viscosity of a highly-viscous pseudoplastic solution. 
However, cold-water-soluble LBG can be prepared, for example, by heating LBG in the 
presence of small amounts of guar gum or simple sugars, which prevent reassociation of 
LBG's crystalline D-galactosyl-free regions on cooling. Locust bean gum has a more 
pronounced synergistic interaction with other polysaccharides compared to guar gum. 
For example, neither xanthan gum nor locust bean gum will form significant gels by their 
own. However, mixtures of these two gums at a total concentration of above 0.5% can 
form thermally reversible gels with unique textural properties. 
2.1.2.3.2 Glucomannan 
Konjac mannan is a typical glucomannan type polysaccharide which is isolated from the 
tubers of Amorphophallus konjac. Native konjac mannan is a partially acetylated linear 
polysaccharide containing mainly (1-->4)-p-D-mannopyranose and (1-ý4)-P-D-gluco- 
pyranose in a molar ratio of approximately 1.6: 1 (Kato, et al., 1970; Maeda, et al., 
1980). A small amount of (1-ý3) branching has also been reported (Maeda, et al., 
1980). Enzymatic hydrolysis analysis (Kato, et al., 1970; Shimahara, et al., 1975) 
suggests that this polysaccharide does not contain a regular repeating sequence or 
substantial lengths of either mannan or glucan blocks. The molecular weight of konjac 
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mannan samples have been estimated to range from 4.7xlW to 6.8xlO5 (Nishinari and 
Wilhams, 1992; Kohyama, et al., 1993). 
Konjac mannan has been used as an ingredient in food recipes in China, Japan, Pakistan 
and India for centuries. It is water soluble and produces highly viscous, pseudoplastic 
solutions. A characteristic property of konjac mannan is its strong ability for gel 
formation in alkaline media, although it does not form gels at neutral pH. Konjac 
mannan was reported to have a more pronounced synergistic interaction with ic- 
carrageenan and xanthan gum than galactomannans; (Dea and Morrison, 1975; Dalbe, 
199 1; Williams, et al., 199 1) to produce strong and elastic gels. 
2.1.2.4 Xyloglucans 
A large number of species of plant seeds have been reported to contain xyloglucans as 
reserve materials other than starch. These xyloglucans are stored in the cell wall of 
endosperm. or storage cotyledons and are known as cell wall storage polysaccharides. 
Xyloglucans are often termed 'amyloids' because of the characteristic blue stain that is 
produced with iodine/potassium iodide solution (Kooirnan, 1960). 
One of the well-characterised xyloglucans comes from tamarind seed gum, which is 
obtained from the seeds of the Tamarindus indica, an evergreen tree of south-east Asia. 
The major polysaccharide in tamarind seed gum is a galactoxyloglucan composed of a 
cellulosic type backbone (i. e. (1->4)-P-D-glucan) with side chains of cc-D-xylopyranose 
(1--->6)- and P-D-galactopyranosyl-(I-->2)-ot-D-xylopyranose-(I--)6)- linked to the main 
chain (as shown in Fig. 2.7). The ratio of galactose: xylose: glucose may vary slightly 
depending on the origin of the seed but is generally close to 3: 2: 1 (Meier and Reid, 
1982; Glicksman, 1986). A small proportion of arabinose residues has been reported in 
acid hydrolysates of preparations of tamarind seed polysaccharide. It has been suggested 
that this is due to a minor polysaccharide containing branched (1-ý5)-cc-L- 
arabinofuranan and unbranched (1 --->4)- P-D-galactopyranan (Gidley, et al., 199 1). 
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Tamarind xyloglucan is soluble in water. Recent studies have shown that tamarind seed 
xyloglucan exhibits a strong tendency to aggregate in aqueous solution (Gidley, et A, 
1991; Lang and Burchard, 1993). This was described as bundle-shaped lateral 
aggregation of single polymer strands. This behaviour results in a marked increase in 
polymer stiffness which in turn means that the solution of the tamarind gum is highly 
VISCOUS. 
A crude preparation of tamarind powder is used in textile sizing and weaving, and as an 
adhesive or binding agent in other industries (Gerard, 1980). The isolated 
polysaccharides are used as thickening, stabilising and gelling agent in foods, particularly 





















Fig. 2.7 Representative structure of a xyloglucan (such as tamarind gum). 
2.1.3 Marine polysaccharides 
2.1.3.1 Carrageenans 
Carrageenan is a general name for a family of sulphated linear polysaccharides which are 
extracted as matrix components of the red seaweed, Rhodophyceae. Among all the 
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various types of carrageenans, three are most commercially important, namely, 'r-, K- 
and %- carrageenans. Their representative structures are shown in Fig. 2.8. The 'C- and 'K- 
carrageenan polymers consists of alternating (1--ý3)-p-D-galactopyranose-4-sulphate and 
(1-44)-3,6-anhydro-(X-D-galactose-2-sulphate (r-carageenan) or (1-44)-3,6-anhydro-cc- 
D-galactose (ic-carageenan) monomers. X-carrageenan is mainly composed of (1--)3)-P- 
D-galactose-2-sulphate and (1-*4)-CC-D-galactose-2,6-disulphate and contains few 
anhydride residues. 
The most prominent feature of the carrageenans is their diversity in chemical structure 
and physical properties. Non-gelling and gelling samples may be obtained depending on 
the algal source and the method of preparation. Among the different types of 
carrageenans, ic- and r-carrageenans are highly valued due to their ability to form 
thermo-reversible gels in the presence of specific cations (Morris, et A, 1980; 
Hermansson, et aL, 1991). These two materials have found applications in structuring 













Fig. 2.8 Chemical structure of three carrageenans, where (a) R=H in ic-carrageenan 
and R -*-"-- S03- in 'C-carrageenan; (b) X-carrageenan. 
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2.1.3.2 Agar 
Agar is the collective term for a complex mixture of polysaccharide components 
extracted from certain species of red seaweed. The major fraction that is of 
commercially importance is a neutral polysaccharide called agarose, which usually 
accounts for 50-90% of the total agar. Agarose is a linear polymer composed of a 
disaccharide repeating unit of the AB type, which is, alternating (1-ý3)-P-D- 
galactopyranose (A) and (1-ý4)-3,6-anhydro-(X-L-galactopyranose (B) as in Fig. 2.9. 
Variable amounts of 6-0-methyl-D-galactopyranose (1-20%) may also be present in 
agarose depending on the sources. 
H2': ý 





Fig. 2.9 Chemical structure of agarose. 
Unlike alginate, agarose can form thermo-reversible gels without metal ions. The 
gelation is believed to be induced by double helix formation and subsequent association 
of the helices. Agar is unique among polysaccharides in that gelation occurs at low 
temperature (30 - 40 IC), which is also far below the gel melting point (70 - 90 'Q. 
This property has a variety of applications in the food industry. 
2.1.4 Microbial polysaccharides 
2.1.4.1 Xanthan 
Xanthan, the extracellular polysaccharide from Xanthomonas campestris pv. canipestris 
is one of the major commercial biopolymers produced from bacteria. The structure of 
xanthan is a pentasaccharide repeat unit, which is of particular interest as it consists of 
trisaccharide side-chains attached to a ceRulosic backbone (Fig. 2.10). At C3, alternate 
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glucopyranose residues in the backbone carry the side-chains composed of 6-0-Ac- 
(1-43)-cc-D-mannopyranose, (I-Q-P-D-glucuronic acid and 4,6-0-(I'-carboxyethylidene)- 
(1->4)-p-D-mannopyranose. The level of substitutions by acetic and pyruvic acid on the 


















Aqueous solutions of xanthan are highly pseudoplastic and the dispersions of the 
polymer have been considered to behave as weak gel-like networks of highly associated 
molecules (Richardson and Ross-Murphy, 1987b). It shows very good suspending 
properties and rapidly regains viscosity on removal of shear stress. Xanthan gum forms 
thermo-reversible gels when mixed with certain plant galactomannans; and glucomannans 
(Dea and Morris, 1977). 
The relatively rigid helical conformation of xanthan renders it stable over a wide range 
of pH, ionic strength and temperatures. It is also compatible with many salts and other 
food ingredients. At present, xanthan is the only bacterial polysaccharide approved and 
widely used by the food industry in the world. 
2.1.4.2 Curdlan 
Curdlan is a neutral, (I -*3)-p-D-glucan (Fig. 2.11) of relatively low molecular weight, 
produced from bacteria Agrobacterium and Rhizobium. It is insoluble in cold water but 
can be dissolved in hot water. Curdlan forms a thermally reversible weak gel when 
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heated up to 54-80 'C. Further heating to above 80 'C increase the gel strength and 
produces a fin-n, irreversible gel. Curdlan is a pennitted food additive in Japan for use in 
improving the texture of various foods such as bean curd and fish pastes. 
CH20H 
CH20H 0 





Fig. 2.11 Chemical structure of curdlan. 
2.1.4.3 Gellan 
Gellan gum is the trivial name given to the extracellular polysaccharide produced by a 
type of micro-organism called Sphingomonas paucimibilis (Pollock, 1993). It is a linear, 
anionic heteropolysaccharide consisting of tetrasaccharide repeat units, containing 
(1-)4)- or (1->3)-p-D-glucopyranose, (1--->4)-P-D-g1ucuronic acid and (I-A)-a-L- 
rhamno-pyranose in a molar ratio of 2: 1: 1 (Fig. 2.12). The polysaccharide is partially 
substituted at the (1--+3)-linked D-glucose residue at C2 with L-glycerate and at C6 with 
acetate. 
Native gellan gum forms weak, elastic thermo-reversible gels when hot gellan solutions 
cool in the presence of divalent cations such as Ca2'. The cations associate with the 
carboxyl groups of the glucuronic acid residues cross-linking double helical sections 
together to form the junction zones of the gel. A range of gel textures can be produced 
through control of the degree of acylation of the polymer. 
Gellan has been approved in the US and Japan for food use as a stabilizer and thickener. 
It is likely to become the second bacterial polysaccharide to be used widely by the food 
industry. It is also used as a culture medium in biotechnology because it fon-ns a 
transparent gel which is resistant to heat and acid in the presence of C2. 
39 
Chapter 2 Literature review 
OH 





0 Ho H H133 0 2C 
Fie. 2.12 Basic repeat unit structure o gellan. Uf 
2.2 Rheology of water soluble polysacchariide systems 
2.2.1 Background 
The theological behaviour of polysaccharides in solvents can be significantly affected by 
several factors. On the molecular scale, the polymer backbone and its related features, 
such as its length (molecular size), shape, stiffness and the presence of ionizable groups, 
play a major role in determining the macroscopic properties of the system including its 
rheology. In general, the functional properties of polysaccharides are less directly 
governed by their primary sequence structure rather than their second or tertiary 
structures. With the help of the advanced theories and techniques it has been possible to 
relate the experimental data to the molecular structure of the biological macromolecules 
including polysaccharides. 
Many polysaccharides can exhibit specific rheological properties in solvent depending 
upon their structure, type of solvent present and sometimes the polymer concentration. 
They can form highly viscous solutions, gels or weak gels, and may have synergistic 
effects with other polymers. The current thesis deals with only neutral non-starch 
polysaccharides which have potential uses in clinical nutrition. Most of these 
polysaccharides form entanglement systems in water solutions. 'Iberefore, in the 
following sections the rheology of polysaccharide entanglement systems will be 
discussed. 
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2.2.2 Intrinsic viscosity and molecular weight 
Intrinsic viscosity [TI] is the measure of the hydrodynamic volume that an isolated 
polymer molecule occupied in a given solvent. It is defined by, [Tj]=(7j'p/c)C, o, in which 
ij, p = tj, -I is specific viscosity, and 'q, is the relative viscosity iltil, which is the 
viscosity increase due to the contribution of the polymer over the solvent. [Tj] is a 
characteristic property of an isolated polymer molecule in a given solvent, and it 
depends primarily on molecular weight, chain rigidity and solvent quality. A number of 
models have been established to describe the relationship between intrinsic viscosity, 
molecular weight and molecular structural parameters. Following is a brief description of 
these models. 
2.2.2.1 Equivalent sphere model 
in this model the polymer coil and the solvent bound to it are treated as an equivalent 
sphere. Intrinsic viscosity, radius of gyration S, which is the distance of the elements of a 
molecular chain from its centre of gravity, and molecular weight M are related through 
the Fox-Flory equation (Flory, 1953) written as: 
[Til = ý6 
3/2 S3 /M (2.1) 
where ý is the Flory viscosity function. For a flexible polymer ý=2. &10 26 kg ". Since 
most of natural polysaccharides are polydisperse in molecular size, the z-average radius 
of gyration R. and the weight average molecular weight are usually used in equation 2.1 
(Ross-Murphy, 1994). 
2.2.2.2 Random flight model for flexible chain molecules 
In this model the polymer molecule is described by an equivalent random flight chain 
composed of N rods of length 1. When the chain is sufficiently long the mean-square 
end-to-end distance <R? >o can be represented as: 
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. dk2ý:. o =N12 (2.2) 
where I is the length of the statistical Kuhn segment. For linear chains, when the end-to- 




>o =6 <S 
2 
>0 (2.2. a) 
For a given polymer only differing in average molecular weight, equation 2.2 implies 
that -de>o is proportional to the average molecular weight. If CR! 2>0 =N tIP2 represents 
the relationship when there is no restriction on bond rotation and all bond angles 
between rods are allowed, the characteristic ratio of <Rý>o/<R! 2>o reflects the intrinsic 
chain flexibility of the polymer. 
In practise, polysaccharides in water tend to expand due to the excluded volume effects. 
This is because of the fact that two segments cannot occupy the same volume and an 
effective small intrachain repulsive force is thus produced. Therefore, <Rý>o is no 
longer proportional to molecular weight and <1e>o/M or <S 2>o/M actually increases 
with molecular weight. 
2.2.2.3 Mark and Houwink equation 
The power-law relationship between intrinsic viscosity and molecular weight was first 
suggested by Staudinger and corrected independently by Mark and Houwink, and 
Sakurada. However it is generally known as the Mark-Houwink equation and expressed 
as: 
k MV(7- (2.3) 
where M,, is the (viscosity) average molecular weight and the parameter k is related to 
local flexibility of the polymer. The exponent cc is related to the long distance structure 
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(i. e. the excluded volume). For most random coil linear polymers, including 
polysaccharides, the exponent should he in the range 0.5 - 0.8. However, for highly 
branched polymers values smaller than 0.5 can be observed, whereas it increases with 
increasing chain stiffness up to 1.8 for rigid rods (Launay, et al., 1986). Values for a= 
0.723 and k=3.8x IV dL/g have been reported for guar gum galactomannans (Robinson 
et al., 1982). 
The intrinsic viscosity is conventionally determined from the double extrapolation of 
Huggins and the Kramer equations : 
TIT /C = [ill + K'[ill 
2C 
+ O(C2) (2.4) 
In (11, )/C = 1111 + (K- 0.5)[ill 
2C+ 
O(C2) (2.5) 
where C is the polysaccharide concentration, and K is the Huggins coefficient. [q] was 
estimated as the average of the two ordinate intercepts from the two extrapolations to 
C--O% (Stokke, et A, 1992). The notation o(C 
2) is used to denote second and higher 
order tenns of such power series expansion of il, /C and In (il, )/C around C= 0%. Since 
the plots are essentially linear such terms are of negligible importance in this case. 
2.2.3 Concentration and zero-shear viscosity 
For a given polysaccharide system another parameter that is of primary importanf in 
controlling its rheological properties is the polymer concentration, more specifically, the 
space occupancy by the polymer molecules in a solution or dispersion. According to this 
polysaccharide solutions can be classified as a dilute solution, semi-dilute solution and 
concentrated solution. 
A dilute polymer solution is one in which each flexible polymer coil and the solvent 
associated with it occupies a hydrodynamic impenetrable domain within the solution. 
The single macromolecules afford their individual contribution to the rheological 
properties of the system independent of the imposed shear rate. This means that under a 
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given flow condition, the differences in rheological behaviour can be ascribed to distinct 
molecular characteristics. 
As the concentration of polymer increases from the dilute state, a stage is soon reached 
at which the coils begin to touch one another throughout the solution. This 
corresponding concentration is called the overlap concentration C*, i. e. the total 
occupancy concentration. The zero-shear viscosity i1o of a polymer solution increases 
generally with increasing concentration. This relationship normally can be described by 
power-law type correlation: 
11, = aC' (2.6) 
il, is zero-shear specific viscosity. However, at some concentration above C* there is a 
more pronounced increases in both the zero-shear viscosity and the shear rate 
dependence of viscosity, reflected by two different values of the exponent b. The 
transition between these two regimes appears to be a continuous regime other than a 
sharp discontinuous as illustrated in Fig. 2.13. Therefore, another two concentrations 
have been defined (Ross-Murphy, 1994) (Fig. 2.13). One is the critical concentration 
Cc, which is the concentration at which the change of slope in zero-shear viscosity is 
seen to occur, i. e. the breakpoint. Another is C**, which is the starting point of the 
second slope of the high concentration regime. C. = 4/[TI] has been reported for many 
polysaccharides (Morris, et A, 1981; Robinson, et A, 1982). Conventionally, solutions 
with C<C, are known as dilute, whereas C>Cj are called semi-dilute solution to 
distinguish them from concentrated solutions. For most of the random coil 
polysaccharides the exponent b lies between 1-1.5 when C<C ., and 3.5-5 at C>C** 
(Ross-Murphy, 1984) 
Precisely, the viscosity generated by disordered polymer coils is dependent on the 
degree of space-occupancy by the polymer, which is characterised by the dimensionless 
product of concentration and intrinsic viscosity C[ill. That is the reason for using Qq] 
instead of concentration itself in Fig. 2.13. It also implies that the higher the [q] of a 
polymer, the lower concentration needed to attain a given viscosity. Morris et al. (198 1) 
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found that double-logarithmic plots of zero-shear specific viscosity np vs. Q11] for a 
number of different disordered polysaccharides and different molecular weights of the 











Fig. 2.13 Effect of concentration on the viscosity ofpolysaccharides. 
2.2.4 Shear thinning properties 
Many polysaccharide solutions of sufficiently high molecular weight and concentration 
form entangled network systems. The shear-thinning nature of this system under flow 
has been well recognised for many polysaccharide solutions. Doi and Edwards (1978) 
used a "tube" model to describe the molecular motion of concentrated polymeric 
systems under flow. In this model each single molecule is constrained by the surrounding 
macromolecules which form a tube-like region. A relaxation time is needed for the 
disengagement of the polymer chain from the tube by the reptation process. At low 
shear rates the polymer chains are free to move through the system unperturbed by their 
neighbouring molecules. No tube effect is present at this stage. The system has a short 
relaxation time resulting in no net change in the extent of entanglements and therefore 
no effect on the viscosity of the system. This corresponds to the Newtonian region of 
the viscosity-shear rate flow curves. However, as the shear rate is increased the polymer 
chain is forced to associate with their neighbour molecules, i. e. the polymer chain is 
45 
Chapter 2 Literature review 
confined to a tube-hke region. When the disengagement time of the polymer chain is 
shorter than the relaxation time of the "tube" shear-thinning occurs. In another words, 
with increasing shear rate the rate of re-entanglement of polymer chain falls behind the 
rate of forced disentanglement; thus, the viscosity decreases. 
Many attempts have been made to describe mathematically the shear-thinning behaviour 
of polymeric systems (Graessley, 1967; de Gennes, 1971; Ferry, 1980; Povolo, 1992). 
Amongst all these models the Cross equation has been found to be the best empirical 
model for describing the flow behaviour of semi-dilute polysaccharide solutions 
(Launay, 1982; 1986). The Cross equation is written as: 
TI = 'I- + (TIO - 11-A I+ (Cý )MI (2.7) 
i1o and 71. are limiting viscosity at zero and infuiite high shear rate. 'r is a relaxation time 
and m is a non-dimensional exponent. Both c and m are adjustable parameters. Shan-nan 
et aL (1978) have claimed that the Cross equation with il- =0 and m= 2/3 can fit the 
flow curves of galactomannans from various botanical sources. A furthe lifi r simp ication 
was suggested by Morris (1990a) in the specific case of random coil polysaccharides by 
supposing il- = 0, m=0.76, and r= 1/ý 1r2 (ý 1/2 is the shear rate required to reduce il 
to 11o/2). It has been found that by expressing measured viscosity 11 relative to 11o, and 
applied shear rate relative to ýf (the shear rate required to reduce il to fýo) the flow 
curves can be reduced to a single 'master curve' (Morris et aL, 1981). Therefore, the 
two parameters Y10 and y 1/2 characterise completely the differences in viscosity and 
shear-thinning for different solutions of commercial random coil polysaccharides. 
2.2.5 Viscoelastic properties 
Polysaccharides are said to be viscoelastic substances, which have both solid and liquid 
characteristics. Indeed practically, most materials are viscoelastic, depending upon the 
timescale of the deformation imposed. The viscoelasticity of polymer materials has been 
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described and analysed by two classic mechanical models, the Maxwell model and Voigt 
model. The detailed description of these models can be found in a number of polymer 
text books such as the one written by lEemenz (1984). Both models use a spring 
displaying the Hookean elastic response, and a dashpot displaying the Newtonian 
response. The spring and dashpot are connected in a series in the Maxwell model and 
parallel in the Voigt model as illustrated in Fig. 2.14. 
I 
(a) (b) 
Fig. 2.14 Maxwell model consisting of a spring and dashpot in series (a) and Voigt 







Fig. 2.15 Time-dependent shear modulus (a) (as G(I)IGa) and shear compliance (b) (as 
AOIJ(co)) versus time (as t1r), where r is experimental relaxation time, Go is the value 
of shear modulus at i=0 and i(co) is the maximum value of the shear compliance at 
t--; ý Co. 
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The Maxwell model is interpreted by a stress relaxation test, where a constant strain is 
rapidly applied to a sample and the results yield a time-dependent stress relaxation 
modulus (Fig. 2.15a). The Voigt model describes the exact inverse case of the relaxation 
experiment, the creep experiment. In the creep tests, the stress is maintained at a 
constant value and the time dependence of the strain is measured (Fig. 2.15 b). 
Another experimental approach to evaluate the viscoelasticity of a polymer material is to 
undertake a dynamic experiment, which involves stresses and strains varying 
periodically. In a dynamic oscillatory experiment the reciprocal of frequency (CO) gives 
the period of the oscillation and thus defines the time scale of the experiment. By 
varying the frequency range the maximum amount of information may be obtained from 
a dynamic mechanical experiment for a viscoelastic substance. More details regarding 
this experimental technique will be given in Chapter 3. 
The use of dynamic tests gives the possibility of distinguishing the specific features of 
entire classes of polysaccharides by providing a criterion for a discrimination on the basis 
of strain and frequency dependence of the viscoelastic quantities, such as G*, G' and G" 
(The definitions of these parameters are given in Section 3.3.1.3). This is particularly 
true for a comparison between polysaccharide solutions, weak and strong gels. Fig. 2.16 
illustrates schematically the viscoelastic parameters G', a' and 11* as a function of 
frequency (Ross-Murphy, 1994). For a dilute solution of polysaccharides, a' > G' with 
G"oc (o and G'ac (02 (Fig. 2.16a). The dynamic viscosity is relatively independent of 
frequency. For a semi-dilute solution in which an entanglement network has been formed 
(Fig. 2.16b), the system is characterised by a crossover point of G' and G" at a certain 
stage, and both G' and G" become less frequency dependent as the frequency is 
increased; a 'rubbery' plateau of G' is seen at high frequency. Fig. 2.16c shows that 
polymer gels have a very different spectrum, G' and G" slightly increase as frequency is 
increased, with G'>G" at all the frequency range. The spectrum of a gel is different from 
that of a Hookean solid in that the moduli of the later are independent of frequency. A 
number of applications of using viscoelastic parameters to study polymer behaviour can 
be found in the monograph by Ferry (1980). 
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Fig. 2.16 Mechanical spectra, the storage modulus G', the loss modulus G" and the 
dynamic viscosity Tj* , plotted logarithmically against frequency co for (a) a dilute 
solution, (b) a more entangled semi-dilute solution and (c) a gel. (From Ross-Murphy, 
1994). 
2.3 Static light scattering technique 
2.3.1 General concepts 
While the rheological. techniques allow the measurement of the macroscopic properties 
of a polymer, the study of scattering properties of polymers in solution provides a more 
direct approach to measure the molecular parameters. Using techniques such as small- 
angle X-ray scattering, small-angle neutron scattering and light scattering, the molecular 
structure can be investigated in different scales. In general, the local structure can be 
better examined by shorter wavelength sources. Light scattering, including static and 
dynamic light scattering, is an important technique for the study of polymer solutions 
yielding information about the molecular weight, size and shape, together with 
intermolecular structures. Static light scattering takes the time average of the scattered 
intensity hence studying the time-averaged system, while dynamic light scattering yields 
information of the dynamics of the system from analysis of the fluctuations in the 
scattered intensity as a function of time. In the present thesis, only static light scattering 
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technique was involved and thus is briefly described below with the references by 
Burchard (Burchard, 1983; 1994). We start from the definitions of the basic parameters 
and equations and then extend this to several examples of the use of this technique for 
evaluating the molecular weight and structures of polysaccharides. 
2.3.1.1 Rayleigh ratio RO and optical contrast constant K 
Re is also called normalised. scattering intensity, which is defined as: 
(Idjo) r2 (2.8) 
where Io and Ie are the intensity of the primary light and scattered light at scattering 
angle 0. r is the distance of the detector from the centre of the scattering volume. 
The optical contrast constant K describes the contrast of the scattering intensity of the 
solute over that of the pure solvent. When vertically polarized incident light is used, K is 
given as: 
K= (4, X2 /Xi NA) no2 (dn)2 
dc 
(2.9) 
where no is the solvent refractive index, dn/dc is the refractive index increment, c is the 
polymer concentration in g/ml, ko is the wavelength of the primary beam in vacuo and 
NA iSthe Avogadro's number. 
For small particles, 




where R is gas constant, T is temperature in K and ir is the osmotic pressure. For large 
particles built up of monomeric units, we have: 
dc 
Re= KcRT(- P(q, c), dn 
(2.11) 
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here the term P(q, c) is included because the interference effects resulting from 
interparticle distance have additional influence on the scattering intensity. 
2.3.1.2 Particle scattering factor P(q) 
The particle scattering factor P(q) describes the decrease of the scattering intensity as a 
function of scattering angle. Its value depends on the molecular architecture. Zimm, 
(1948) derived the following relationship for large particles of fully interpenetrable chain 
structure: 
KcARe =I /MT(q) + 2A2 c+3 A3 c...... (2.12) 
here, M is the molar mass of the particles. q= 47csin(0/2)/% is the magnitude of the 
scattering vector. A2, A3 ....... are virial coefficients. 
2.3.1.3 The radius of gyration 
At small values of q the particle scattering factor P(q) in equation 2.12 can be expanded 
in a Taylor series: 
P(q) =I- -I 3 
(2.13) 
where Rg 
2= <S2> is the mean square radius of gyration, which is given by a sum over aH 
distances of the scattering elements from the centre of mass or the sum over all 
intramolecular distances in a macromolecule. Often simply Rg is used in the literature 
instead of the more precise definition of <S2>112. 
The radius of gyration depends on the molar mass of the particles, and in many cases can 
be described by a power-law behaviour such as: 
Rg =kW (2.14) 
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The exponent v is a characteristic parameter for a molecular structure. Many of these 
exponents have been give in the literature (Burchard, 1994). For example, for linear 
random coil or star molecules with long arms, v=0.6 in good solvents and v=0.5 in 
ideal or O-conditions. 
2.3.2 Measurement of molecular weight and size 
For solutions of macromolecules, equation 2.12 provides a direct means for 
measurement of molecular weight. In order to evaluate the molecular weight of large 
particles, we must thus extrapolate values of Kc/Re not only to vanishing concentration 
c, but also to vanishing angle 0. In practice, a plot originally suggested by Zimm allows 
for simultaneous graphical extrapolation of concentration and scattering angle. In the 
Zimm plot, Kc/RO is plotted against q'+ kc, where k is an arbitrary constant in order to 
separate the angle-dependent curves from each other. Two sets of lines are drawn 
through the experimental points: one for constant values of scattering angle, the other at 
constant concentration. Both sets are extrapolated to yield lines at 0=0 and c=0. The 
two extrapolated lines should meet at the axis. Their common intercept marks I/M. The 
line at 0=0 represents the virial expansion. From its initial slope the second virial 
coefficient can be calculated. The line at c=0 reflects the function P"(0), and its initial 
slope divided by the intercept yields the radius of gyration of the particles. 
For polydisperse macromolecules, the weight-average molecular weight Mw and the z- 
average square of the radius of gyration are measured through light scattering (Munk, 
1989). 
2.3.3 Structure determination 
As mentioned above, in a Zimm plot from the limiting curve of the angular dependence 
at zero concentration, P(q) is given by I/P(q) =M (Kc/Re)o=o. A plot of this reciprocal 
particle scattering factor against U2 = q2Rý results in curves that all have the same initial 
slope of 1/3. Deviations from this straight line occur only in the asymptotic region of 
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large u, and these deviations are characteristic of various architectures. For instance, 
if 
an upturn is observed then a globular or highly branched particle 
is present. If a 
downturn is observed then a stiff chain is probably present. However, the effect of 
polydispersity also has to be considered in this procedure. It has been shown that the 
upturn caused by branching can be balanced by the polydispersity of the chains. 
The Zimm plot only gives the first hint for a qualitative check of the structure of 
particles in dilute solufion. A more quantitative picture is obtained if structure-specific 
plots are employed that emphasise the asymptotic part of the particle scattering factor at 
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Fig. 2.17 Kratky plot for regular star-molecules. f denotes the functionality of polymer 
nwlecules (Burchard, 1994). 
The Kratky plot (Burchard, 1994) has been found very useful to detect branching 
structures. Here U2p(U) is plotted against u, with u= qR,. Linear random coiled chains 
exhibit an angular independent asymptote which has a value of 2 for monodisperse coils 
and 3 for polydisperse chains, if the distribution of the chains obey M'JMn = 2. The 
striking feature with branched chains is the appearance of a maximum for stars and other 
regular branched chains. This maximum become more and more pronounced with 
increasing branching density. Random f-functional polycondensates have the same 
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behaviour as polydisperse linear chains with MdM,, = 2. For random cross-linked chains, 
if the primary chains obey the most probable length distribution, behaviour identical to a 
polydisperse linear chain is observed. However, if the primary chains are less broad in 
distribution (including monodisperse chains), the characteristic maximum shows up 
again. Fig. 2.17 represents schematically the Kratky plot. 
2.4 Dietary fibre 
2.4.1 Definition of dietary fibre 
The term dietary fibre was first introduced by Hipsley in 1953 to assess the 
epidemiological evidence linking fibre-deficient diets to the incidence of pregnancy 
toxacmia. Trowell in 1974 traced the history of the fibre hypothesis and definitions and 
gave his own definition as "the remnants of plant cells resistant to hydrolysis by the 
alimentary enzymes of man" (Trowell, 1972; 1974). According to this definition dietary 
fibre includes plant cell wall substances (cellulose, hemicelluloses, pectin, and lignin) as 
well as intracellular polysaccharides such as gums and mucilage. Later his definition was 
expanded by other investigators. Southgate (1977) suggested a chemical definition 
based on the fact that the sum of lignin and the non-a-glucan polysaccharides (i. e. non- 
starch polysaccharides) is the best index of the dietary fibre in the diet. Trowell and 
Spiller (1976) expanded the concept of dietary fibre to "dietary fibre complex" which 
also includes other substances that are undigested by human digestive enzymes. In spite 
of all the modifications, the early physiological definition by Trowell (1976) remains the 
most acceptable definition for dietary fibre. 
NSP are the major constituent of dietary fibre. In current research work there is a 
tendency to divide dietary fibre into two categories based on the different physiological 
functions, namely the water-insoluble dietary fibre, such as cellulose, and water-soluble 
types of dietary fibre, such as guar gum. It is important to note that in broad terms these 
two categories of substances have widely different physiological effects. For example, 
insoluble fibre have more significant effects on bowel habit and faccal composition since 
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they are more resistant to bacterial degradation. However, many types of soluble fibre 
are *extensively fermented in the proximal colon and have minimal effects on stool 
output. In contrast, guar gum as well as other viscous soluble fibre have repeatedly been 
demonstrated to be able to modulate the carbohydrate and lipid metabolism, whilst many 
types of insoluble fiber have consistently failed in this respect. 
2.4.2 Main sources of dietary fibre 
Dietary fibre can be supplied as either purified or partially purified polysaccharide 
extraction or crude heterogeneous food preparations which comprise a wide range of 
different polymers mainly in the form of plant cell wall materials, such as wheat bran. 
isolated polysaccharides can be obtained from marine, plant and microbial fermentation. 
In recent years, many new and useful polysaccharides of scientific and commercial 
interest have been obtained from microbial fermentation. Xanthan gum obtained from 
Xanthomonas campestris is an example in this instance. However, the most widely used 
types of dietary fibre in physiological and nutritional purpose are still those of plant 
origin. 
2.4.2.1 Examples of water-insoluble dietary fibre 
Purified cellulose preparations as a form of insoluble dietary fibre has been extensively 
studied in nutrition and widely used as a source of water insoluble dietary fibre in diet. 
This is due to the acceptance of cellulose-type fibre as an established and recommended 
fibre to be used in purified diets (Penner and Liaw, 1990). For example, purified 
cellulose has been incorporated up to 10% by weight into the commercial calorie 
reduced breads in many countries. 
Wheat bran, as a true food ingredient, is another most commonly used insoluble fibre 
source. It is a very heterogeneous material which varies in chemical composition and 
fractions (Robert and Verne, 1990). Commercial wheat bran contains a range of tissues, 
including the pericarp with attached testa, aleurone layer, and some endosperm. The 
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main polysaccharides in wheat bran are arabinoxylans, P-D-glucan, and small amount of 
cellulose and glucomannan. The structure of arabinoxylan varies depending on the 
source. For example, the cell wall of beeswing wheat bran comprise mainly highly 
branched and slightly branched acidic arabinoxylans. The arabinoxylans of the aleurone 
layer are neutral and much less branched than those found in the beeswing wheat bran 
layer. Only a small proportion of the arabinoxylans are soluble in hot water, and the rest 
require alkaline conditions. 
2.4.2.2 Examples of water-soluble dietary fibre 
Table 2.1 includes the major types of polysaccharides that are commonly used as food 
additives and as models for water soluble dietary fibre in experimental studies (Spiller, 
1993). The main structural features of most of these polymers have been described in the 
previous section. 
Table 2.1 Examples ofpolysaccharides used as water soluble dietaryfibre. 
Polysaccharides Major sources Principal types in use 
Pectin Citrus and apple cellular residues High methoxyl 
Low methoxyl, amidated 
Galactomannan Endosperm of specific leguminous Guar gum 
gums plants Locust bean gum 
Algal Cell wall of algae Agar 
polysaccharides Alginates 
Carrageenans 
Modified cellulose Cellulose from delignified woody Methyl cellulose 
tissues Carboxymethyl and 
carboxyethyl cellulose 
Bacterial gums Biosynthetically produced gums Xanthan 
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Apart from the substances listed in Table 2.1, oat bran is another important food source 
of soluble fibre. Oat gum has received much attention recently because of its cholesterol- 
lowering effect (Wood, et al., 1992; Braaten, et al., 1993). It is produced from 
fractionating the ground oat groat or rolled oats. Commercial products of oat bran 
contain at least 5.5% (dry weight basis) of water soluble P-glucan and 16.0% (dry 
weight basis) of total dietary fibre. Thus, at least one third of dietary fibre in oat bran is 
thought to be water soluble. 
2A. 3 Physiological effects of s-NSP and the underlying mechanism 
It is well established that dietary supplements of s-NSP can significantly modulate the 
carbohydrate and lipid metabolism. For instance, when polysaccharide gums were 
incorporated into foods, beneficial therapeutic effects were achieved by attenuation of 
postprandial. plasma glucose and insulin levels in both diabetic and non-diabetic subjects 
(Jenkins, et aL, 1976; Aro, 1981). The cholesterol-lowering effect of dietary fibre also 
has been well documented (Kay and Truswell, 1980; Anderson and Tietyen-Clark, 1986; 
Reiser, 1987). The mechanisms responsible for the physiological effects of soluble fibre 
are still under investigation. However, a key factor in explaining the mode of action of s- 
NSP is their capacity to generate a high viscosity in the lumen of the gastrointestinal 
tract (Edwards, 1995). 
One of the earliest studies to suggest the role of viscosity in relation to physiological 
properties of s-NSP was that carried out by Jenkins et A (1978). In this study they 
investigated the effects of a number of types of dietary fibre on glucose tolerance 
including guar gum, pectin, gum tragacanth, methylcellulose, wheat bran and 
Cholestyramine. The most viscous fibre, guar gum was found to produce the greatest 
flattening of the blood glucose response curve. In addition, a hydrolysed form of guar 
gum, producing a much lower viscosity in aqueous solution than standard guar gum, 
was found to have no apparent physiological effects. Jenkins and his colleagues 
concluded that viscosity was the important determining factor to explain plasma 
glucose-lowering effect of guar gum. 
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Much other evidence has shown that the action of dietary fibre in improving 
carbohydrate and lipid metabolism is due to the delayed absorption of nutrients (Jenkins, 
et al., 1978; Blackburn, et al., 1984). This delayed absorption is ascribed to the high 
viscosity generated by s-NSP contained in the meals. In most cases this is thought to be 
a slowing of absorption rather than an inhibition or reduction in total amount absorbed 
(Jenkins, et al., 1978). Increasing viscosity in the gut has been proposed to affect upper 
gastrointestinal function including the absorption of nutrients in the following number of 
ways. 
2.4.3.1 Slowing gastric emptying 
In general, viscous polysaccharides slow the emptying of liquids from the stomach, and 
this effect was thought to be responsible for the reduced rate of absorption of rapidly 
absorbed substances (Holt, et al., 1979). A study by Meyer and Doty (1988) in 
fistulated dogs also suggested that both delayed gastric emptying as well as the changing 
of particle size distribution of food material leaving the stomach were important part of 
the overall mechanism together with slowed small bowel absorption. However, a 
number of other studies (Blackburn, et al., 1984; Edwards, et al., 1987) have suggested 
there is no direct relation between delayed gastric emptying time and the decrease in 
postprandial glucose. The argument for this is that some NSP have no significant effects 
on gastric emptying or even accelerate gastric emptying still reduce postprandial 
glycaemia (Edwards, et al., 1987). Although soluble fibre such as guar gum may reduce 
the rate of gastric emptying under some conditions, this is unlikely to be the most 
predominant mechanism by which it acts (Rainbird, et al., 1986; Blackburn, et al., 
1984). 
2.4.3.2 Reducing the mixing movements of intestinal contents 
Within the small intestine the interaction of enzymes and nutrients, the movement of 
small molecules to the mucosa and therefore absorption are all dependent on good 
mixing. Any factor which reduces the effectiveness of this mixing, such as increasing 
viscosity, should therefore slow digestion and absorption. Edwards et aL (1988) used a 
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dialysis tube and by compressing and releasing it to mimic a small intestinal segment, 
they found that 1% (w/v) guar gum solution abolished the increase in movement of 
glucose caused by an increase in the contraction rate. Similar effects have been observed 
by other research groups (Blackburn, et al., 1984). Viscous polysaccharides have been 
shown to increase the viscosity of the unstirred layer and thus slow convective solute 
movement to the underlying intestinal villi (Johnson, et al., 198 1). 
A number of studies also suggest that the activity of some enzymes in digesta containing 
viscous fibre is reduced, although in vivo more enzymes may be secreted by the pancreas 
to compensate. Isaksson et A (1982) examined the effects of s-NSP, such as pectin and 
guar gum, on pancreatic enzyme activity under different conditions of pH, ionic 
strength, and time of incubation. Both high methyl esterified pectin and guar gum 
reduced enzyme activities, particularly lipase and increased the viscosity of the duodenal 
juice. A similar in vitro study (Schneeman and Gallaher, 1986) indicates that lipase 
activity in human pancreatic juice or human duodenal samples can be inhibited by pectin, 
guar gum and xylan. This is thought to occur because the degree of enzyme-substrate 
contact is inhibited, thus reducing enzyme activity. 
The effect of s-NSP on enzyme activity can certainly be explained in terms of differences 
in the physico-chemical properties of different s-NSP. Some charged fibre such as pectin 
may bind enzymes, while in the case of neutral s-NSP such as guar gum, the enzymes 
are likely to be physically separated from the substrates because of poor mixing as a 
result of presence of viscous s-NSP. 
2.4.3.3 Decreasing the availability of bile acids 
Many types of dietary fibre may affect bile acid absorption in the small intestine through 
their viscosity properties, leading to decreased micelle formation and entrapment of bile 
acids and lipids: (Selvendran, 1987). Thus, the availability of bile acid for optimal fat 
digestion and absorption was reduced. The effects of different fibres on faecal bile acids 
excretion have been reviewed in detail by Cassidy and Calvert (1993). In general, fibres 
that have significant hypocholesterolemic effects in humans also significant increase 
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faccal. bile acid excretion although a few exceptions have been reported (Kritchevsky 
and Story, 1993). 
2.4.3.4 Other proposed mechanisms 
There are a number of other mechanisms which are not well defined and further work is 
needed to evaluate their role on the physiological effects of s-NSP. s-NSP are known to 
decrease serum insulin concentration and increase peripheral insulin sensitivity whilst 
altering other pancreatic and gastrointestinal hormone levels. Because of the important 
role these hormones play in cholesterol and fatty acid metabolism, it is thought that 
changes in hormone levels could affect lipid synthesis and metabolism. Most s-NSP are 
fermented in the colon to produce short-chain fatty acids, which may also have potential 
effects on carbohydrate metabolism. For example, acetate and propionate may stimulate 
insulin secretion and reduce blood glucose levels in experimental animals (Asplund, et 
al., 1985; Brockman, 1982). Finally, Brennan, et al. (1996) studied the inhibitory effects 
of guar gum on the digestion rate of wheat bread starch by microscopy and in vitro 
digestibility methods. Their results suggested that, in addition to the viscosity effects of 
s-NSP in delaying glucose absorption in the small intestine, guar gum may also act at the 
level of the bread matrix during starch digestion. Thus, guar gum "coated" around the 
starch granules may function as a physical "barrier" to amylase-starch interaction and /or 
the release of the products of the hydrolysis from guar bread matrix into the aqueous 
phase of the digesta. 
2.5 Hydration of s-NSP in relation to their physiological 
effects 
2.5.1 Background 
One of the first studies to investigate the rate of hydration and ultimate viscosity of 
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s-NSP preparations in relation to their physiological properties was carried out by 
O'Connor et aL (1981). They tested guar gums from four industrial sources including 
two flours, one granulate and one wax-coated granulate. Comparisons were made 
between the viscosity of guar gum solutions at 22'C and 37"C and pH 1.0 and 4.0 in 
vitro and the effect of 5g guar gum on postprandial glycaemia in response to an oral 
glucose tolerance test. Their results indicated marked difference in the rate of hydration 
of different grades samples of guar gum. The viscosity achieved was dependent on the 
extent of the hydration of the guar gum, which in turn was dependent on the physical 
form of the guar gum used. The two guar flours which hydrated more quickly and 
produced the highest final viscosity in vitro were equally effective in vivo. Although this 
study was not very well designed in some aspects it did highlight the importance of the 
nature of guar gum and its mode of administration, if optimum viscosity is to be 
obtained. 
The critical importance of the rate and degree of hydration of s-NSP in determining the 
biological activity of these polymers has been further demonstrated by Heppell and 
Rainbird (1985) and Ellis and Morris (1991). In the latter study, they investigated six 
different samples of guar gum including four pharmaceutical preparations and two food 
grades of guar flour. Marked differences in hydration rate between the different samples 
were observed. Three of the four pharmaceutical preparations were lower in viscosity 
than the food grade guar gum flour during the first hour of hydration. Two of the 
preparations hydrated so slowly that even after 5h they attained viscosity levels of only 
60% of their ultimate viscosity. These two preparations have been shown to have little 
or no effect on glycaemic: control in both pigs (Heppell and Rainbird, 1985) and humans 
(Baker, 1988; Holman, et A, 1987). Their results provided a useful explanation for the 
poor clinical effects, particularly glycaemic: control, of these two preparations. Thus, 
from the in vitro experiments, it was concluded that guar gum samples that had poor 
hydration properties in the laboratory were unlikely to hydrate sufficiently in the 
gastrointestinal tract to affect glucose absorption. 
The process by which a solid substance dissolves in a solvent to form a solution or 
dispersion is called dissolution. In this thesis and many other related literature the word 
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"hydration" has often been used rather than dissolution for s-NSP to specify that water 
is the solvent- used. In addition, the dissolution process normally refers to a true solution 
being formed rather than a suspension or dispersion as in the case of most 
polysaccharidcs. In this section we first give a brief review on the fundamental theory 
(models) of dissolution. Following this, we will focus on the experimental study of the 
hydration behaviour of high molecular weight polymers. 
2.5.2 Thermodynamics of polymer solutions 
For most linear and branched polymers, liquids can usually be found which will dissolve 
the polymer completely to form a homogeneous solution. When an amorphous polymer 
is mixed with a suitable solvent, it disperses in the solvent and behaves as though it too 
is a liquid. The ability of a polymer to be solvated is governed by the fundamental 
thermodynamic equation: 
AG = AH - TAS (2.15) 
where, AG, AH and AS are the changes of Gibbs free energy, enthalpy and entropy of 
mixing respectively and T is the temperature of the system. A homogeneous solution is 
obtained when the Gibbs free energy of mixing is negative, AG < 0. For an ideal system, 
AH is small, so the mixing will be an entropically driven process. 
'ne solvents can be divided into three classes according to the compatibility with the 
polymer, i. e. good, poor and theta solvents. A good solvent is one which is highly 
compatible with the polymer and there is strong polymer-solvent interactions. This 
interaction expands the polymer coil from its unperturbed dimensions to some extent. A 
poor solvent is less compatible with the polymer. As a result, there are fewer polymer- 
solvent interactions and there is less coil expansion in a poor solvent compared to a 
good one. The so-called theta (0) solvent is associated with the phase separation 
phenomenon. For a solvent at the theta temperature, only short range interference exists, 
the excluded volume effects (or long range interference) are eliminated and the polymer 
coil is in an unperturbed condition. Below the theta temperature the polymer segments 
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will attract each other and for very high molecular weight samples phase separation will 
occur. The second vifial coefficient gives an indication of the solvent quality. In a good 
solvent A2 A whilst in the theta condition 
A2 
-ý 
2.5.3 Dissolution mechanisms 
2.5.3.1 Fundamental theories 
The interest in the hydration behaviour of polysaccharides is fairly new, and as far as we 
know, has not been extensively studied. The use of rheological methods to monitor the 
hydration rate has not been well established either. However, the concept of dissolution, 
as a fundamental phenomenon has been evident for some time. Dissolution gained a new 
interest in the pharmaceutical sciences in the late fifties and early sixties when the 
correlation between the dissolution rate of most drugs and their physiological availability 
was recognised (Nelson, 1957; Levy, 1961). Studies of the relationship between in vivo 
bioavailability and in vitro dissolution is still currently being investigated. 
Dissolution can be considered as a specific type of heterogeneous reaction in which a 
mass transfer results as a net effect between the escape and deposition of soluble 
molecules at a solid surface. These reactions can be classified into three main categories 
(Wurster and Taylor, 1965) according to the controlling step during the process: 
(a) The reaction at the interface is much faster than the transport processes. In this case 
the dissolution rate is controlled by the diffusion or convective transport of solute from 
the interfacial boundaries to the bulk of the solution. 
(b) The process of liberating and depositing the solute molecules at the interfaces 
proceeds at a significantly slower speed than the transport process, and therefore it 
becomes the rate-controlling step. 
(c) The rate constants of both processes are approximately equivalent, and in this case, 
the rate of dissolution would be a fraction of both the rate of the reaction at the interface 
as well as the rate of the transport process. 
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A number of theoretical models have been developed for interpreting the dissolution 
behaviour. Ile main three will be given below. 
2.5.3.1.1 Diffusion layer model 
This is the simplest model with the widest application for dissolution. It assumes that 
dissolution belongs to the first type of reaction where the rate is determined by the 
transport process. The earliest model of diffusion theory is Fick's first law of diffusion 
which states that at a steady state: 
Jix =- Di DcjDx (2.16) 
Where Jix is the "diffusion current" or flux, Di is the diffusion coefficient, c refers to 
concentration and ac/ax is the spatial concentration gradient from the particle surface to 
the bulk of the dissolution. 
However, as the concentration of the solute changes with time Fick's second law of 
diffusion could be derived from equation 2.16 as: 





where, t refers to time and Dc/at is the dissolution rate. Based on Ficles first and second 
law of diffusion, Brunner and Tolloczko (1900) and Nernst (1904) proposed that a thin 
film, i. e. a stagnant layer h, is formed around the particle. Diffusion occurs from this 
layer at the boundary to the bulk of the solvent. They established a fundamental equation 






where c. is the solubility of the sample, i. e. the maximum concentration of solution under 
a given test condition, c, is the concentration at time t. V is the volume of the solution 
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and k is a constant. Equation 2.18 describes first-order dissolution kinetics; that is, if log 
c is plotted vs. time t, a straight line is obtained, the slope of which is the dissolution rate 
constant. In deriving this equation it was assumed that both h and S remained constant 
during the dissolution process. 
Iiixson and Crowel (1931) modified the above equation by allowing for a change in 
2/3 
surface area with time and assumed that S= kW . They represented the model as: 
wol/3 - wtl/3 = Kt (2.19) 
where Wo is the initial powder weight, W, is the powder weight at time t, K is the 
dissolution rate constant including the diffusion coefficient, particle density and solution 
viscosity. Equation 2.19 is known as lExson and Crowell's 'Cubic Root Law' for 
dissolution. 
2.5.3.1.2 Interfacial barrier model 
In this model, the escape of solute molecules from the solid surface is considered to be a 
slow step. The solid-liquid interface forms the barrier to the process where the release of 
molecules of solute is retarded due to a high activation energy requirement. In contrast, 
in the diffusion layer model the transport process is much faster than the interfacial 
reaction. Therefore, the latter becomes the rate-limiting step of the dissolution process. 
An equation that describes this model accurately has not yet been proposed. Higuchi 
(1967) discussed the interfacial barrier and recommended that the true surface area (not 
the geometric one) should be considered. The first-order dependence of dissolution rate 
from the factor (crct) also was used for this model: 
G =k (c. - c, ) (2.20) 
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where G is the dissolution rate per unit area (i. e. 
ýL 
x ýL) and k is the effective interfacial S dt 
transport constant. The reason for an un-specified generalised constant k lies in the 
difficulty of expression of the true surface area involved in the process. 
2.5.3.1.3 Danckwerts' model 
This is also known as surface renewal theory, and was proposed by Danckwerts in 195 1. 
In this model the assumption of the stagnant film covering the solid particles made for 
the previous two models is no longer valid. Instead, macroscopic packets of solvent 
which surrounded the solid particles are assumed to reach and attach to the solid surface 
area absorbing solute molecules by normal diffusion and then carrying them back to the 
bulk solution. The continuous arrival of fresh packets of solvent creates a continuous 
renewal of the surface area, which is essentially the determining factor of the rate of 
transport of solute molecules. The rate of transport is ultimately the rate of dissolution 
of solid. The basic equation for this model is: 
(yD) 1/2 (C., _ Ct) (2.21) 
where y is the mean rate of production of fresh surface (or the interfacial tension). 
Goyan, in 1965, developed a mathematical treatment of this model for a small spherical 
particle which can be written as: 
dw SD 
dt =( r+ 
VyD) (cs - ct) (2.22) 
where w is the weight of the undisolved sample and r is the radius of the particle. 
2.5.3.1.4 Interrelationships between above models 
Although the above models try to describe dissolution according to different 
mechanisms the mathematical equations underlying the process reveal an interrelation 
66 
Chapter 2 Literature review 
between them. The interfacial concept may be combined with the diffusion layer model 
D 
by introducing the factor (I + -) into equation 2.18 and representing it as: hk 
G= 
Vdc 




where the symbols have the same meaning as in equations 2.18 and 2.20. Nevertheless, 
equation 2.23 can be transformed into equations 2.18 and 2.20 in an extreme cases 
where one model predominates kinetically over the other. That is, if k >> D/h, which 
means the interfacial transport is much faster than the transport in the stagnant film, 
then, it reduces back to the basic diffusion film theory equation 2.18. However, if k << 
D/h, it reduces to the interfacial barrier equation 2.20. 
In a similar manner, a factor of the form (I + can be used to demonstrate the k 
interrelation between Danckwerts' model and the interfacial barrier model through 
equation 2.24: 
FyD 





Again, the transformation of equation 2.24 to the basic Danckwerts' equation (i. e. 
equation 2.21) and the interfacial barrier model is obvious if k >> 
FyD 
or k << 
FyD, 
respectively. 
Above all, no matter what mechanism and model is considered, the proportionality 
between the dissolution rate and the term of concentration (c. -c, ) is commonly 
recognised. Therefore a general expression for dissolution results: 
G=F (c, - ct) (2.25) 
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where F is a proportionality constant to specify the controlling step involved in the 
process. 
2.5.3.2 Empirical kinetic models 
2.5.3.2.1 First order kinetics 
First order kinetics has been most popular model in describing chemical reactions and 
physical process including hydration. This model can be explicable in terms of the 
general expression for dissolution, i. e. equation 2.25: 
dc 
= k(c, - ct) dt 
(2.26) 
The key and definitions are same as in previous section. Rewrite the above equation as 
dc/(c. - q) = kdt and integrate both sides giving rise to: 
In (c, - ct) = kt + (p (2.27) 
since when t=0, we have ct = 0, that is the starting point of the dissolution, substitute 
this into above equation results: (p = In c.. Thus, equation 2.27 becomes: 
In (1-ct/c, ) = kt (2.28) 
To et al. (1994) used this first order kinetic model to describe the growth in viscosity 
with time following the hydration of guar gum and xanthan gum flours: 
In = -kt (2.29) 
where TIt, is the viscosity of the dispersion at time t, il,,, is the "ultimate" viscosity and k is 
the time constant relating to the rate of viscosity development. 
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For most polysaccharide dispersions the relationship between zero shear viscosity and 
the -concentration of hydrated polymer is approximately TJO = CIS -4 (Ross-Murphy, 
1994). Assuming the exponent 3.5, the following relationship can be derived from 
equation 2.28: 
In (1-71,1/3.5/7vC)1/3.5) = _kt (2.30) 
The hydration constant k in equations 2.29 and 2.30 can be obtained from the plots of 
In (I- ij, /ij. ) or In (I-ij, 
1/3.5/, 1ý01/3.5) VS. time t, respectively. 
According to To and his colleagues, reasonable linearity was obtained from their 
experimental data (r2 > 0.9) with equation 2.29. The aims of their study was to mimic 
the processes of preparation of solutions of polysaccharide powders on an industrial 
scale. Therefore, an extremely high shear condition was used, rather than the low shear 
used in our study which is more likely to approximate the conditions in the 
gastrointestinal tract. 
2.5.3.2.2 Weibull distribution function 
Langenbucher (1972) used a distribution function to describe the dissolution curves for 
some pharmaceutical tablets. The function was originally proposed by Weibull to 
describe the effect of the weakest link in a chain (Weibull, 1951). The chain could be 
anything from electric light bulb filaments to the life of a human. When applied to 
dissolution data, the Weibull equation expresses the accumulated fraction: 
f(t) =I- exp (2.31) 
In our experiment f(t) can be conventionally considered as the fraction remaining 
undissolved at time t, which is expressed as (ij. -ijt)/ij,,, =I -Tjt In this equation (x is a 
scale parameter which defines the time scale of the process. 92 is the location parameter, 
represents the time lag before the actual onset of the process. 0 is a shape parameter 
characterising: the shape of the process curves. 
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Equation 2.31 may be converted to a linear transform as following: 
I- qt) = exp 
In (I /( I -f(t)) = ((t-fl)/(x)O 
In In (I /(I -Rt)) = Oln (t-fl) -PIna 
In In (iljrl, ) = Din (t-fl) -olnu (2.32) 
The use of the linearization of dissolution curves by the Weibull distribution has been 
discussed by Langenbucher (1972). 
2.5.4 Factors affecting the rate of hydration of polymers 
Similar to the low molecular weight substances, the hydration rate of amorphous 
polymer materials is also significantly influenced by many physicochernical properties, 
such as the solubility, particle size and crystallinity. Other physical properties such as 
density, viscosity and surface property contribute to the general dissolution problems of 
flocculation, flotation and agglomeration, and these have been well documented in the 
books, for example, by Abdou (1989). In this section we will only review the effect of 
molecular weight, the most distinguishing characteristic of polymeric materials from low 
molecular weight substances, on the hydration rate of polymers. 
The polystyrene-toluene system has been the most commonly used for the study of 
polymer dissolution. Ueberreiter (1968) investigated the influence of molecular weight 
(M) of polystyrene on its velocity of dissolution (s) in toluene by microscopy techniques. 
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This implies that the plot of log s vs. log M yields a straight line with a slope of a. 
log s 
log M 
Fig. 2.18 Schematic plot showing the velocity of dissolution (s) as function 
of molecular weight (M) in polystyrene-toluene system (Ueberreiter, 1968). 
The lower and upper limits in molecular weight, for which equation 2.33 is applicable, 
were found to be about 103 and 2xlO5 at 25 'C, respectively. Below the lower limit the 
oligomers were in a rubber-like state at this temperature and possessed a much bigger 
velocity of dissolution, whereas above this upper limit the velocity of dissolution fell 
rapidly as shown in Fig. 2.18. They ascribed this to the rapidly increasing polymer chain 
entanglement of the very large chains which increased the thickness of the swollen 
surface layer. 
The reptation theory has been applied to polymer dissolution processes in several studies 
(Brochard and de Gennes, 1983; Papanu, et at., 1989; Herman and Edwards, 1990) and 
it has been found useful in the study of the effect of molecular weight on the hydration 
behaviour of polymers. In this approach, as already discussed in Section 2.2.4, a 
polymer chain in a entanglement network is assumed to be contained in a hypothetical 
tube, which is placed initially in a three dimensional network formed from the other 
entangled chains. A particular chain moves snake-like through the tube and escapes at 
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the tube end. Ile motion can be characterised by a reptation time, or more accurately by 
a relaxation -time, r, which is a measure of the time required for a chain to escape 
completely from its tube. The fundamental result of the reptation model is that the 
relaxation time (r) is proportional to the cube of the chain length. 
Brochard and de Gennes (1983) proposed a relaxation-controlled polymer dissolution 
kinetics model with a dissolution flux proportional to the difference between the 
polymer stress gradient and the solvent osmotic pressure gradient. They postulated that 
a gel-like swollen polymer phase will exist at small times. T'he dissolution of the 
networks from the swollen phase was predicted to be governed by the rate of stress 
relaxation, which was estimated to be of the order of the reptation time. Thus, from the 
reptation model, for a certain polymer the higher the molecular weight, the slower the 
hydration rate should be. 
Peppas et A (1994) also developed a polymer dissolution rate model by incorporating 
the polymer chain disentanglement mechanism into the relevant transport equations. The 
dependence of the gel layer thickness and the polymer dissolution rate on polymer 
molecular weight were derived by use of reptation theory. The effect of molecular 
weight on the gel layer thickness was investigated for nine monodisperse polystyrene 
samples, with molecular weight ranging from 28,000 to 2,830,00. Their experimental 
results showed that the gel layer thickness increased with increasing molecular weight. 
Thus, according to their model the dissolution rate decreased with increasing molecular 




of polysaccharides under acidic 
Many polysaccharides may be rapidly and totally hydrolysed to monosaccharides by 
strong acidic solutions, such as 12M H2SO4- In more gentle acid conditions, they will 
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only be partially hydrolysed to produce a variable mixture of monosaccharides, 
oligosaccharides and polysaccharides with a broad range of degrees of polymerisation. 
Kinetic studies of hydrolysis of polysaccharides so far mainly involves the use of 
cellulose and starch. Recently, the acidic hydrolysis of carrageennans has been studied 
by several groups (Ekstr6m, el al, 1983; 1985; Capron, el al., 1996). As far as we are 
aware, no kinetic studies of the acidic hydrolysis of guar galactomannan has been 
reported. At present, we can assume that the acid hydrolysis of guar gum galactomannan 
is a non-specific degradation (random scission), i. e. the glycosidic linkages are broken at 
random. A brief description of random scission kinetics is given as following. 
Assuming that the degradation of a linear polysaccharide in solution is a random scission 
process, No is the total number of the monosaccharide molecules in the polymer sample 
mixture and Nop is the number of glycosidic bonds, then No(I-p) is the number of 
unbonded positions with p is the extent of polymerisation. From the statistics of random 
polymerisation the number-average (denoted by subscript n) and weight-average 
(denoted by subscript w) degree of polymerisation (5P ) and molecular weight (M) are 
given as (Flory, 193 6): 
LWP. = No/No (I - p) =1/(l - p) (2.34) 
M. = K bP- -= MAI - P) (2.35) 
M,, = KOP .= Mo (I + P)/(l - P) (2.36) 
where Mý is the contribution of each monomeric unit to the polymer molecular weight. 
With random scission, the rate at which bonds are broken is proportional to the total 
number of the intact bonds. Thus, 
-d(Nop)/dt = kNop (2.37) 
where k is a rate constant. 
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The solution of equation 2.37 with the boundary condition p= po at time t=0 is that: 
p= Poe, (2.38) 
Combining equation 2.38 with equations 2.34 and 2.36 gives the average degree of 




I= I-P I (I - poe 
-kt) (2.40) 
I+ LFP. 22 
In the initial stages of the reaction p remains close to po, so that e must be close to 
unity. i. e. we can set e-k' = I- kt. Thus, equations 2.39 and equation 2.40 can be 
approximately written as: 
I=I 
po(I - kt) (I - po) + kpot =I+ kpot (2.41) 
Lj7p. (Lj7p. )o 
II 
(I - po kt)) (I - PO) +I kpot 
I+ EFP. 222 
pot (2.42) 
Both these equations indicate that the reciprocal of number-average and weight-average 
degree of polyrnerisation are linear functions of time. 
Degradation is often followed experimentally by determination of the molecular weight 
as a function of time, by using light scattering or viscosity (usually through measurement 
of intrinsic viscosity) as a measure of molecular weight. The former gives the weight- 
average molecular weight and the latter gives viscosity-average molecular weight M,.. 
The magnitude of M, is between M,,, and M,, and is usually more close to M,,,,. In the case 
of condensation polymers in which there is no change in reactivity of functional groups 
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with chain length, MJ M,, and M, / M. are constants independent of molecular weight. In 
this -case, the intrinsic viscosity [ij] can also be used to measure M.., and M,, if calibration 
is carried out. The approximation M, & M.,,, was made without calibration in the present 
study since the change in molecular weight is more important here than an accurate 
I 








A range of physical and chemical techniques for characterising polysaccharide gums 
have been used in the project reported in this thesis. In this chapter, only those 
techniques that have been used repeatedly in the project are described in detail. The 
other techniques used in the project are presented in specific chapters, except the light 
scattering technique, the principals and method of which are also described in Chapter 3. 
3.2 Chemical characterisation techniques 
3.2.1 Chemical analysis of polysaccharide gums 
The moisture content of sample was measured after leaving the sample in an oven at 
104*C for 16 hours (AACC methods 44-15A) (AACC, 1983). Crude fat (Soxhlet; light 
petroleum, bp 40-601C, diethyl ether extraction) was also analysed according to AACC 
methods 30-26. Crude protein (N x 5.7) was estimated by the Kjeldahl method (Egan, 
et A, 1981). Ash (total minerals) was analysed by slowly heating a 5g sample in a 
muffle furnace to 525T and leaving for 12 hours at that temperature (Egan, et A, 
19 8 1). The Englyst method (Englyst, et A, 1992) was employed to determine the total 
and insoluble non-starch polysaccharides (NSP). TIlis method will be described in detail 
in Section 3.2.3. 
3.2.2 Extraction and purification of s-NSP 
The water soluble non-starch polysaccharides (s-NSP) were extracted and purified by a 
modification of the method of Girhammar and Nair (1992). Detarium seed flour or guar 
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gum samples were boiled with 80% (v/v) ethanol for I hour under reflux to inactivate 
enzymes, denature protein and remove ethanol-soluble substances. The residue obtained 
by filtration was washed with 95% (v/v) ethanol and air-dried at room temperature. The 
dried residue was then extracted with 7 volumes of distilled water at about 40 OC 
followed by centrifugation at 9000 g for 10 min. The supernatant was collected, 
adjusted to pH 7.5 with 10% (w/w) NaOH solution, and digested for removal of protein 
and starch with porcine pancreatin (1% of the weight of the boiled samples), and 
pullulanase (0.5 Units for lOg sample) at 34 'C for 24 h with continuous stirring in the 
presence of 0.05% (w/v) NaN3. which was added to inhibit microbial growth. Both 
enzymes were obtained from Sigma Chemical Co., St Louis, USA. The solution was 
then centrifuged at 9000 g for 15 min and the s-NSP in the supernatant was precipitated 
by the addition of absolute ethanol to give a final concentration of 80% (v/v) ethanol. 
The precipitate was collected by filtration (Whatman No. 541 filter paper), washed with 
95% (v/v) ethanol, acetone and diethyl ether, then freeze-dried and stored at 4"C until 
analysis. 
3.2.3 Analysis of constituent sugars of polysaccharides 
The Englyst method (Englyst, et al., 1992) was used to analyse the constituent 
monosaccharides of polysaccharide gums with small modification. In this method, total 
acid hydrolysis of the polysaccharide samples was employed to produce the constituent 
sugars, which were then converted to the alditol acetate derivatives. The derivatives 
were analysed by GLC (Pye Unicam Series 204) fitted with a flarne ionisation detector 
and comptifing integrator, using a Supelco Sp-2330 wide-bore capillary column 
(Englyst, et al., 1992). The uronic acid content was determined by a sulphuric acid- 
dimethylphenol colorimetric assay (Englyst, et al., 1992). Absorption was measured at 
400 and 450 nm. The reading at 400 nm was subtracted from that at 450 nm to correct 
for the interference from hexoses. The major procedures of this method are summarised 
in the following flow chart (Fig. 3.1). 
In the original method, the total and insoluble NSP were determined and the soluble 
fraction was detennined as the difference between total NSP and insoluble fraction. The 
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samples for the measurement of the insoluble fraction were hydrated overnight in 
phosphate buffer, as opposed to the 40 min suggested by Englyst et A (1992), in order 
to allow complete hydration of the galactomannan. This method produced a significantly 
lower concentration of insoluble NSP than the standard technique. 
Samples (0.05-0.1g) 
Dispersion of sample wi. th DMSO 
Enzymatic hydrolysis of starch 
Precipitation and washing of the residue Extraction and washing of the 
residue 
for measurement of total NSP for measurement of insoluble NSP 
Dry residue 
Acid hydrolysis (12 M H2SO4) of the residue 
I 
Hydrolysate 
Preparation of alditol acetate derivatives Measurement of uronic acids 
GLC measurement of neutral sugars 
-Fig. 
3.1 Main procedures of Englyst methodfor analysis of NSP. 
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0 3.3 Physical characterization techniques 
3.3.1 Rheological techniques 
3.3.1.1 Intrinsic viscosity determination 
The intrinsic viscosity [ill was conventionally deten-nined from the double extrapolation 
of the Huggins and Kramer equations : 
lisp /C = [ill + K'[111 
2C+ 
O(C2) 





where C is the polysaccharide concentration, and K' is the Huggins coefficient. [ij] was 
estimated as the average of the two ordinate intercepts from the two extrapolations to C 
= 0%. The notation O(C) is used to denote second and higher order terms of such 
power series expansion of il 
SP 
/C and In (ij, )/C around C= 0%. Since the plots are 
essentially linear such terms are of negligible importance in this case. 
Unless specified, solutions for measurement of intrinsic viscosity were prepared by 
dispersing the known weights of samples of polysaccharide in deionized water for Ih at 
80 T and then mixed overnight by magnetic stirring at room temperature. The solutions 
were filtered through a 0.45 ýtm syringe filter before measurements were taken. The 
concentrations of s-NSP used for calculating [ill were based on the polysaccharide 
content (measured by the Englyst method) of the purified samples rather than the dry 
matter content. 
Viscosity measurements were performed in a dilution capillary viscometer (Cannon 
Ubbelohde Dilution B glass viscometer, size 50,0.8 - 4.0 cst. Glass Artefact 
(Viscometers), UK) immersed in a water bath to maintain the temperature as 25 *C ± 
0. VC. Precautions were taken to ensure the viscometer was aligned vertically, and flow 
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times (>250 s) were measured in triplicate using a simple computer timing system; 
agreement between triplicates was within ±Is. Under the prevailing flow conditions no 
flow kinetic energy correction was required. 
The molecular weight of guar samples were then calculated by the Mark and Houwink 
equation (equation 2.3), where k=3.8xlO4 and cc = 0.723 were used (Robinson, et aL, 
1982). 
3.3.1.2 Steady shear flow measurements 
A steady shear experiment is the most commonly used technique for investigating the 
flow properties of a liquid under "steady" shear force, which means that the axial 
direction of the shear deformation is constant during the measurement. As previously 
discussed in Chapter 2, at some concentration above C* there is a sudden change in flow 
properties, which is represented by a more pronounced increases in both zero-shear 
viscosity and the shear rate dependence (usually shear thinning for most polysaccharide 
in solution). In order to investigate this behaviour the steady rate sweep experiments are 
usually conducted on different concentrations of polymers at a concentration range as 
wide as possible. In each experiment the viscosity of a sample at different shear rate is 
measured, from which the dependence of viscosity on shear rate can be obtained over 
several decades using a rheometer such as the RFSII (described later in this chapter). 
From these measurements zero-shear viscosity can then be estimated at different 
concentrations. 
In the first part of present project, steady shear experiments on detarium gum solutions 
prepared at different concentrations (0.1-3.0 %, w/w) were performed on the 
Rheometrics Fluids Spectrometer (RFSII, Rheometric Scientific Ltd, Epsom, LJK-) with 
a cone and plate configuration (diameter 50 mm, cone angle 0.02 radians). From the 
measurements, the zero shear viscosity at different concentrations were calculated using 
the Cross equation (equation 2.7 in Chapter 2). Most of the steady shear measurements 
were carried out at shear rates of 0.05-1000 s-I with a reduction in rate at the higher 
concentrations. All the measurements were conducted at 25'C. 
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The steady rate sweep test was also used to study the hydration behaviour of guar gum 
in the second part of this thesis (Chapters 6-9). In these cases, a time course of (zero- 
shear) viscosity development over some time period needs to be recorded. Because of 
the limitation to the measurement time for each time point, the viscosity measurements 
were taken only over two decades of shear rate at the lowest possible shear rate range. 
In this case, the Cross equation was found not to be suitable for estimating the zero- 
shear viscosity. Instead, the average of the first few test points at the lowest shear rate, 
corresponding to the Newtonian plateau, was estimated to be the zero-shear viscosity. 
3.3.1.3 Dynamic measurements 
As mentioned earlier, many polymer systems are actually viscoelastic materials. 
Although the viscoelastic properties can be evaluated by steady measurement, i. e. by the 
relaxation test of strain or stress, it is more convenient to adopt the dynamic 
measurement to study the viscoelasticity of the materials. In contrast to steady 
measurement, a time-dependent strain is applied to the sample in the dynamic 
measurements and various types of dynamic strain can be used such as sinusoidal, 
triangular and stepwise. In the current experiment, the oscillatory sinusoidal strain was 
used because of the ease of data analysis. 
In the dynamic measurements the viscoelasticity of a material can be studied by 
comparing the applied strain wave with the resulting stress wave. If a sinusoidal strain as 
in Fig. 3.2 (a) is applied to an ideal Hookean material (Fig. 3.2 (b)), the resultant stress 
is expected to be also a sinusoidal wave with exactly the same frequency (CO) and phase 
angle. However, for a ideal liquid the resulting stress will be exactly 90' out of phase 
with the imposed strain wave (Fig. 3.2 (c)). As illustrated in Fig. 3.2 (d), for a real 
viscoelastic material the response stress to imposed strain is in between these two ideal 
cases, with a phase difference, 0'<5<90'. In this case, the total resultant stress is 
traditionally separated to the in-phase and 90* out-phase components with respect to the 
strain vector (y), which can be expressed as: 
'r = Gy + iG"y (3.3) 
82 
Chapter 3 Experimental techniques 
where G' is called 'shear storage modulus', which represents the elastic component of 
the stress, while G"is called 'shear loss modulus' and this represents the viscous 
component of the stress. The complex shear modulus G* can be defined as: 
GI + iG" (3.4) 
Thus, we have 
IG*I=FG2 +G"2. The complex viscosity rl* is defined in the similar 
way such as: 
+ Tf"a2 (3.5) 
and 
ill *1 = 
jG*j 
(3.6) 
The ratio of G' to G" is the tangent of the phase difference (5) between the strain wave 
and total stress wave. Therefore, tan 5 is a measure of the viscous/elastic properties of 
the materials. 
Phase angle 
Fig. 3.2 Relationship between strain (a) and resulting stress for: (b) ideal solid, (c) 
ideal liquid and (d) viscoelastic material. 
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All the oscillatory experiments carried out on detariurn solutions were performed on the 
RFSII using the same geometry as steady shear measurements described above. In this 
apparatus, a sinusoidal strain wave with frequency o) was applied to the lower plate and 
the response of the sample exerted on the upper plate was detected by the transducer 
system. The strain sweep experiments were carried out in order to determine the linear 
viscoelastic range of selected polysaccharide solutions. The complex shear modulus 
(G*) and dynamic viscosity (, tl*) were measured at a strain range of 0.1%-100 % in 5% 
increments at a frequency I or 10 rad. s-'. 
In frequency sweep measurements the strain was selected at 35%, which was within the 
linear viscoelastic limit established from the above experiments. The frequency of the 
applied strain wave was varied from 0.1-100 rad. ý" with 5 points per decade. The 
viscoelastic parameters, namely the dynamic viscosity (ij*), storage modulus (G') and 
loss modulus (G") were extracted. 
3.3.1.4 Instruments 
3.3.1.4.1 Rheometrics Fluid Spectrometer (RFS H) 
Most rheological measurements in this thesis were performed on a Rheometrics Fluid 
Spectrometer (RFS II). This instrument is a typical strain controlled rheometer 
consisting of several main parts as shown in Fig. 3.3. The main unit includes a 
transducer, measuring system, motor and control panel. The transducer system has a 
dual torque range of 0.002-10 g-cm and 0.02-100 g-cm for measurement of the shear 
force. It has also a normal force transducer. The temperature is controlled by the water 
circular bath which is attached to the lower plate of the measuring system. 
There are several types of measuring geometry that can be used with RFS II, including 
plate-plate, cone-plate, couette (cylinder) and concentric double cylinder. The first three 
geometries were used in the current project and are therefore briefly described here. In 
this instrument, the lower plate (or outer cylinder in the couette geometry) is driven by 
the motor to exert a certain shear strain (steady or dynamic) on the sample and the 
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resulting shear stress through the sample to the upper plate (inner cylinder in the couette 
geometry) is measured by the transducer. 
Height gauge 
[= x: ý Ir 
r 0 
Shear torque Transducer 
gauge 0 
0 

















Fig. 3.3 Rheometrics Fluid Spectrometer RFSII - strain controlled rheometer. 
in the cone and plate geometry (Fig. 3.4 (a)) the velocity gradient (thus, the shear rate) 
is designed to be constant throughout the gap. This is especially important when time- 
dependent behaviour is being studied since the shear history is identical for the whole 
sample. The major disadvantage for this system being used in particulate suspensions is 
that small particles may have a disproportionate effect on the behaviour near the cone 
apex, and the coarse particles may even become jammed between two plates. 
In the parallel plate geometry (Fig. 3.4 (b)), the shear rate is not constant across the gap. 
Therefore, when studying the non-Newtonian materials the shear history is not identical 
for the whole sample. However, this geometry is found to be more suitable for studying 
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the particulate suspensions such as partially hydrated guar gum suspensions compared to 
the cone-plate system. 
The concentric cylinder geometry (Fig. 3.4 (c)) consists of two cylinders with a narrow 
gap in between. Shear flow takes place between inner and outer cylinders. Because of 
the relatively large measuring surface this geometry is particularly suitable for measuring 
low viscosity samples when the sample amount is not limited. The main disadvantage of 
the geometry is again that the shear rate is not constant in the gap. One other practical 
difficulty of this kind of geometry is that the end effects need to be corrected when 
accurate absolute measurement is demanded. 
(a) (b) (c) 
Fig. 3.4 Measuring system used with Rheometrics Fluid Spectrometer RFS II. - (a) 
Cone-plate, (h) Plate-plate and (c) Couette geometry. 
3.3.1.4.2 Brookfield viscometer (LVDV-11) 
This is a much cheaper rotational viscometer which is widely used in the food and paint 
industries. In this viscometer a spindle is driven through a calibrated spring in the test 
fluid and the torque necessary to overcome the viscous resistance is measured by the 
spring deflection. This deflection is measured with a rotary transducer. The full scale 
torque of the calibrated spring for LVDV-11 is 673 dyne-cm. The viscosity measurement 
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range is 0.003-1600 Pa. s with different spindles. Temperature control was achieved by 
an attached water bath. 
One problem with this instrument is that it is difficult to state the exact shear rate that 
the sample is subjected to, because that the width of the sample in shear flow is not well 
defined. Therefore, the experiment results are normally presented in the form of 
apparent viscosity against rotational speed. In the experiments presented in this thesis a 
small sample adapter (chamber) was used. This makes the measuring system similar to 
the concentric cylinder geometry, which gives relatively accurate viscosity and shear rate 
determinations. 
A set of spindles is provided with the Brookfield viscometer. During the measurements 
the viscometer can be operated at a series of rotating speeds and shear rates were then 
calculated using the conversion chart provided with each spindle used. With the small 
sample adapter the shear rate range usually covers less than two decades for each 
spindle. 
3.3.2. Light scattering technique 
Static light scattering technique was used to study the solution properties of detarium 
gum. The principle of this technique has been discussed in Chapter 2 in detail. Here we 
just discuss the experimental aspects of this technique. In this thesis the static light 
scattering measurements were performed with a fully computerised and electronically 
modified SOFICA photogoniometer (Baur Instrumentenbau, Hausen, Germany). Fig. 
3.5 is a schematic diagram of this instrument. 
The incident light beam from the laser (1) passes through a neutral density light filter (2) 
before reaching the quartz scattering vat window (3). The neutral density filter is 
necessary to reduce the incident light intensity so that at 900 the signal value of a toluene 
standard is around 4000, which ensures that the sample scattering can be covered by the 
full range of the analysis electronics. The sample cuvettes (4) are made of quartz and the 
scattering vat (5) is filled with a solvent which closely matches the refractive index of 
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quartz; this minimises signal flare. The resulting scattered light then passes through a 
series of slits and prisms (6 - 10) before reaching the photomultiplier tube (11). The 
photomultiplier tube is mounted on a goniometer which rotates to allow measurements 
to be made over an angular range. 
(ROD 
Fig. 3.5 Schematic representative of the modified Sofica light scattering apparatus. (1) 
Argon, blue laser, (2) density light filter, (3) vat window, (4) sample cuvette, (5) 
scattering vat, (6) - (10) slits or prisms and (H) photomultiplier tube. 
Measurements were performed at 25"C in the angular range from 300 to 1500 in steps of 
50 (25 angles). An argon ion source (Xo = 488 nm) was the light source, and the 
scattering of toluene was used as the primary standard. The instrument automatically 
repeats measurements until data less than a predefined noise level (2%) are obtained. 
The refractive index increment, dn/dc was chosen as 0.152 n-A g", a value close to that 
employed for other polysaccharides at this wavelength. 
Detarium solutions for light scattering were prepared by heating ca. 20 n-A of solution 
close to C* (- 0.1% w/w) to high temperatures (130'C to 160'C), sealed under a 
pressure of 15 bar N2, for varying times. The autoclaved solution and serial dilution 
(1.0,0.8,0.6,0.4,0.2,0.1) were then filtered (3 times) directly into the light scattering 
cuvettes (precision NMR tubes, total volume ca. 2 ml) using 0.224m Mllipore syringe 
filters. All solution preparation stages were carried out in a laminar air flow cabinet to 
mýinimise contamination with dust. 
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Following the pressure heating process, a small amount of non-dissolved material was 
seen. In order to see if this made up a significant fraction of the sample, 50 ml of the ca. 
100 ml of solution was freeze dried after filtering, and the yield of material estimated. 
This was found to be - 95.5%, so in subsequent determinations the presence of this 
undissolved fraction was ignored. Subsequent filtration through 0.45pm Millipore filters 
was easy, as no real pressure had to be applied. This intimated that the solutions were 
largely aggregate free. 
The light scattering measurements were performed at the Institute of Macromolecular 
Chemistry, Freiburg-i-Br, Germany by Professor S. B. Ross-Murphy. 
3.4 Particle size analysis 
The choice of methods for particle size analysis is limited by the particle size range and 
also the available experimental conditions. Since the sample involved in this project have 
a wide range of particle size, several techniques have been used for particle size analysis. 
They are the traditional sieving method, measurement of permeability by Fisher sub- 
sieve sizer, Malvern laser diffraction method and microscopy method. 
3.4.1 Sieving method 
The minimum number of sieves needed in order to obtain some information on the 
cumulative particle size distribution is usually five (Jelinek, 1970). Sieves should be 
selected so as to have the median average of particle size on the central sieve. The sieves 
used in this experiment forms the series of dn -" 
5di, where d is the average aperture. 
The sample size required for the analysis depend upon the sieve area, particle fineness 
and density of the particles. Conventionally 20-60 grams of fine grained sample is used 
for sieves 200 mm in diameter. 
The sieving process was performed on a mechanical sieve shaker [Endecott test sieve 
shaker, Endecotts Ltd., London SW19, UK). 30 gram of each sample was placed on the 
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top coarse sieve. In a sieving operation, a particle will not necessarily pass through the 
appropriate mesh, particularly if it will only pass through when presented in a particular 
orientation as with elongated particles. For all such particles to pass through, the sieving 
time would approach infinity. For the present study the sample was first automatically 
sieved for one hour. Then a soft paint brush was used to help the fine particle pass 
through the sieves. The sieving process was assumed finished when the rate of weight 
reduction for each mesh was less than 0.2 g/min. Each sample was analysed in duplicate. 
3.4.2 Malvern laser diffraction particle sizer 
The principle of this instrument is to analyse the diffraction from the particles selected. 
A low power visible laser transmitter produces a parallel, monochromatic beam of light 
which illuminates the particles suspended in an appropriate solvent in the sample cell. 
The particles must not dissolve or swell in the selected solvent and the solvent has to 
keep the particles well suspended. The incident light is diffracted by the particles 
illuminated to give a stationary diffraction pattern regardless of particle movement. As 
particles enter and leave the illuminated area the diffraction pattern that evolves always 
reflects the instantaneous size distribution in these areas. Thus, by integration over a 
suitable period and using a continuous flux of particles through the illuminated area, a 
representative bulk sample of the particles contributes to the final measured diffraction 
pattern. 
A Fourier transform lens focuses the diffraction pattern onto a multi-element photo- 
electric detector which produces an analogue signal proportional to the incident light 
intensity. This detector is directly interfaced to a computer which reads the diffraction 
pattern and performs the necessary integration digitally. The result of the analysis is 
basically a size distribution by volume or weight, but it may be presented in a variety of 
ways. The cumulative volume undersize and volume frequency are tabulated together 
with useful derived parameters. 
In our experiment guar gum samples were dispersed in butan- I -ol solvent and left in an 
ultrasonic bath for five minutes in order to break up any aggregates of particles. During 
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measurements a magnetic stiffer was used to ensure homogenised suspension of 
particles. No swelling or dissolution of samples was observed in this solvent when 
examined by light microscopy. 
3.4.3 Measurement of permeability by Fisher sub-sieve sizer 
This technique measures the specific surface area by the measurement of gas-flow 
resistance of the sample. A weighed quantity of the test sample, in a cylindrical 
container, is compacted to a definite volume. Then a stream of air is passed through, and 
the pressure drop caused by the plug of power is measured. From this, the specific 
surface area, Ap, can be calculated from the Kozeny Carman equation (Lauer, 1966): 
A. p = 14[(p F e')/(v -q L)]'/2/b (1 - e) (3.7) 
where: F is the cross section of sample, L is the length of sample, b is the sample 
density, e is porosity (the ratio of the spaces between the particles in the plug of sample 
to the volume it occupies), p is the pressure drop, v and 11 are the flow rate and viscosity 
of the air used respectively. Surface volume mean diameter D. can be calculated from 
A, p as follows: 
D. = 6x 10-4/ b Ap (3.8) 
The current available Fisher sub-sieve sizer enable the operator to read the surface 
volume mean diameter D. directly, from which the specific surface area can be 
calculated from equation 3.8. 
The density of the guar gum sample was measured using Beckman Model 930 Air 
Comparison Pycnometer. This instrument measures the volume of powder precisely and 
rapidly. The measurements obtained should be repeatable to better than 0.05 cm3, 
Samples were weighed to the accuracy of 0.01g. 
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3.5 Morphological observations 
3.5.1 Light microscope 
Detarium seed cotyledon were immersed in 75% (v/v) ethanol and cut into I mn? cubes. 
Samples were fixed in 4% (v/v) paraformaldehyde in phosphate buffered saline for 24 
hours at room temperature, dehydrated by graded ethanol serial dilution (5%, 25%, 
40%, 55%, 70%, 95%, 100%, v/v) and finally infiltrated and embedded in 
glycolmethacrylate (GMA) using a JB-4 embedding kit (Polyscience Ltd. ). 
Sections were cut at 7pm thickness on a Reichert-Jung 150 Autocut Nlicrotome fitted 
with a glass knife. Then the sections were stained with an iodine-potassium iodide 
reagent (Kooiman, 1960) or with the plant lectin from Bandeiraea simplicifolia (BS-1; 
Sigma Chemical, Poole BH17 7BR, UK), which is labelled with fluorescein 
isothiocyanate (FITC) and is highly specific for a-D-galactose residues (Hayes, 1974). 
Samples were examined under light or epifluorescence using a Leitz Dialux. 22 FB 
microscope with appropriate barrier filters (A2, excitation range 270-380 nm). Images 
were photographed with a Wild NT551 camera system. 
For guar gum flours the samples were dispersed onto clean microscope slides using 
butan- I -ol as a mounter. Slides were then examined. 
3.5.2 Scanning electron microscope 
The scanning electron microscope (SEM) is widely used to study the surface, or near 
surface structure of the materials. This method employs a beam of electrons directed to 
the specimen. This incident electrons was dissipated resulting in various secondary 
emissions from the specimen. Among these emissions the secondary electrons and 
backscattered electrons were detected to yield the images of the specimen. Fig. 3.6 is a 
schematic diagram showing the main components and the mode of operation of a simple 
SEM. 
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A electron gun, usually of the tungsten filament thermionic emission type, produces 
electrons, and accelerates them to an energy between about 2 KeV and 40 KeV. Two or 
three condenser lenses then demagnify the electron beam, so that as it hits the specimen 
it may have a diameter of only 2-10 mn. The fine beam of electrons is scanned across the 
specimen by the scan coils, while a detector counts the number of low energy secondary 
electrons given off from each point on the surface. At the same time, the spot of a 
cathode ray tube (CRT) is scanned across the screen, while the brightness of the spot is 









Fig. 3.6 Schematic diagram showing the main components of a SEM. 
Amplifier 
The most critical part of scanning electron microscopy is adequate preparation of the 
specimen. The specimen is usually mounted on a aluminiurn stub with an electrically 
conductive adhesive material. It is important for the specimen to be in close and tight 
contact with the stub. Materials such as biopolymers do not conduct electricity and heat 
very well, therefore, have to be coated with a conductive substance. In our experiment, 
double sided adhesive tape was used to mount the specimen to the stub. The tape was 
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surface. The stub with the specimen then were sputter coated with a thin layer of gold 
(Polaron Equipment Ltd, SEM coating unit, E5 100) to make the specimen conductive. 
The specimens were examined in a Philips SEM 501B. Photographic images were 
recorded on Ilford film ISO 125,220. 
3.6 Hydration method 
The hvdration method used in this study is a modified technique previously developed 
for measuring the hydration rate of pharmaceutical preparations of guar gum (Ellis and 
Morris, 1991). The hydration of guar gum powder was performed in a mixing box 
(constructed in the King's College workshop, Fig. 3.7). The mixing box was fitted 
inside an incubator to allow good control of experimental temperature. 500 ml sample 
dispersion was sealed in a screw-top glass jar (diameter 84 mm, volume 675 ml) which 
rotated end-over-end during the hydration process. The average rotating radius is 65 
mm. The hydration process is monitored by measuring viscosity development and the 
zero-shear viscosity was determined as described in Section 3.3.1.2. 
Fig. 3.7 Roluling box. for hydralion q1'sumples. 
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The procedure involved carefully sprinkling the guar gum into a rapidly swirling vortex 
of distilled water in the glass jar. A magnetic stirrer was used to create the vortex in the 
distilled water. A ring shaped sieve (355gra in aperture, Fig. 3.8) was used to disperse 
samples into the water. This ensured the sample could be dispersed evenly and rapidly 
into the wall of the water vortex created by the magnetic stirrer. This technique also 
effectively reduced aggregation of particles. The time taken to add the whole of each 
sample to the water did not exceed 90 s. The start of hydration was taken as the 
moment the guar gum made contact with water. The glass jars were then immediately 
sealed and rotated end-over-end in the mixing box at a predetermined speed. The 
viscosity was measured at every 10 min in the first hour and thereafter every 30 min 
until 5 h. About 2 ml aliquot was taken from the batch solution at each time point. It 
took about 3 min for the process of viscosity measurement. An additional measurement 
was taken following thorough homogenising with an Ultra-turret mixer. This 
measurement is referred to as the "ultimate" viscosity, the point at which it was 
considered that the samples had been completely hydrated. This hydration method was 
slightly modified in the experiments described in different chapters and these 
modifications are specified in each chapter. 
Fig. 3.8 Figure to show the ring shaped sievefor dispersion of the guar samples into a 




Isolation and chemical characterization of 
s-NSP from detarium seeds 
4.1 Introduction 
Detarium senegalense Gmelin is an under-exploited and previously largely 
uncharacterised leguminous crop. The seed flour of detarium. is used traditionally in 
Nigeria as a food condiment for the thickening of soups and stews. This food material 
was one of a number of indigenous African plant foods, which are used in Nigeria as 
thickeners for foods, to be evaluated for their potential therapeutic application in 
treating patients with diabetes mellitus (DM) (Onyechi, 1995). The underlying 
hypothesis for the work on these foods is that they contain a high level water soluble 
non-starch polysaccharides (s-NSP), which may therefore assist in improving 
carbohydrate metabolism in patients with DM. It has been known since 1970's that s- 
NSP reduce postprandial hyperglycaernia in these patients (Jenkins, et al., 1976; 1978). 
In recent clinical trials, significant reductions in the post-prandial rise in blood glucose 
and insulin concentrations were seen in healthy (Onyechi, el al., 1993) and diabetic 
(Onyechi, 1995) human subjects given foods supplemented with detariurn seed flour. 
This implies that detarium has potential clinical use in the treatment of diabetes mellitus 
and other metabolic disorders, although the mechanism of this is still unclear. 
Chemical analysis by Bell el al. (1993) showed that detarium seeds have a high level of 
s-NSP (43% by dry weight). Monosaccharide analysis of s-NSP indicated that the main 
polymer was similar in composition to tamarind seed (Tamarindus indica L. ) xyloglucan 
(Bell, el aL, 1993). A preliminary study of solution properties of a purified extract of 
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this polymer showed that it was similar to the behaviour of solutions of a commercial 
grade of guar'gum (Ellis, el al., 1991). As has been mentioned in Chapter 2, the 
physiological effects of guar gum and similar hydrocolloids are strongly dependent on 
their capacity to generate high levels of viscosity in the upper gastrointestinal tract (Ellis 
el al., 1995). It seems likely that the s-NSP fraction of the detarium seed is of high 
molecular weight polysaccharide and, at least in part, responsible for its biological 
activity. 
Exploiting new and cheap sources of s-NSP has always been of considerable interest to 
a range of industries. Indeed it may be that the seeds are a potential cash crop ripe for 
exploitation. Thus, the purpose of this study was to further characterise the structure 
and solution properties of purified s-NSP extracted from the seed cotyledons of 
detarium, and to investigate its location within the seed using histochernical techniques. 
The current chapter will concentrate on the chemical characterization of detarium gum, 
the solution properties of which will be investigated in Chapter 5. 
In the current and subsequent chapters, an unambiguous shorthand nomenclature for 
xyloglucan oligosaccharides is used (Fry, et aL, 1993). Each (I-A)-P-linked D-glucosyl 
residue in the backbone is given a I-letter code according to its substituents. Thus, G,: ': 
unsubstituted glucose residue; X= xylose-substituted glucose residue; L= galactosyl- 
xylose-substituted glucose residue; F= fucosylgalactosylxylose-substituted glucose 
residue. Sequences always read towards the reducing end of the molecule. 
4.2. Experimental 
4.2.1 Characteristics of detarium seed and preparation of 
seed flour 
Detarium senegalense Gmelin belongs to the subdivision Caesalpinoideae (Balogun 
and Fetuga, 1986; FAO, 1988). Its tree is small to medium-size, normally 5-7 m high, 
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occasionally larger, and it is mainly found in West Africa, Chad and Sudan. The pods, 
each of which contain one seed, are usually rounded, oval or flattened and are about 4 
cm in diameter. The seed samples used in the present study were purchased at a local 
market in Nsukka, Enugu State, Nigeria and then stored at -20'C for later use. 
The detarium seed flour was prepared in the following way. The seed coats (testae), 
which are a deep brown purple colour, were removed after boiling in water for about 
1h. The cotyledons were soaked in cold water for I h, washed three times and left to 
soak in cold water overnight. The cotyledons were then air-dried for about 24 h and 
ground into a fine powder (to pass through a1 nim. screen) using a coffee grinder. The 
powder was further dried at room temperature for 24 h and stored at -201C. 
4.2.2 General methods 
A number of general experimental methods used in this chapter have been described in 
Chapter 3. These include: 
(1) Analysis of chemical compositions of detarium seed flour and s-NSP extracts (Section 
3.2.1). 
(2) Extraction and purification of s-NSP from detarium seed flour (Section 3.2.2). 
(3) Analysis of constituent sugars by gas-liquid chromatography (Section 3.2.3). 
(4) Morphological observations of detariurn seeds (Section 3.5.1). 
4.2.3 Structural analysis of detarium polysaccharide 
4.2.3.1 Enzymatic digestion of detarium and tamarind polysaccharides 
Cellulase from Trichoderma species was purchased from Megazyme Pty. Ltd. (North 
Rocks, New South Wales, Australia). It was dialysed exhaustively against 50 mM 
ammonium acetate buffer at pH 5.0 (Dialysis tubing-Visking, size 1-8/32", Medicell 
International Ltd, London N1,1LX). Because the dialysis tubes selected are made of 
cellulose, the dialysis process has to be carried out at very low temperature (4 'Q. 
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200 ýtl (12 mg/ml) of both detarium polysaccharide and xyloglucan from tamarind seed 
(Glyloid 3S, Dainippon Pharmaceutical Corporation, Osaka, Japan) were incubated with 
80 gl cellulase (approximately 8 Units) in 200 gI ammonium acetate buffer (50 mM, pH 
5.0). Aliquots of the incubation were taken at time points 0.5 h, 1 h, 2h and 4 h. The 
enzyme reaction was terminated by heating the samples in a boiling water bath for 2 
min. The extent of hydrolysis was monitored by thin layer chromatography (TLC) (see 
below for details). The hydrolyses were considered complete when there was no 
apparent change in the pattern of oligosaccharides produced. The oligosaccharides of 
the final hydrolysate were analysed quantitatively by Dionex HPAE chromatography 
(see below). 
4.2.3.2 Thin layer chromatography 
Thin-layer chromatography was carried out on aluminiurn foil-backed silica-gel layers 
with 0.2 nim in thickness (Merck DC-Alufolien, Kieselgel 60, E. Merck, Darmstadt). 
The developing solvent used was propan-l-ol 5: nitromethanol 2: distilled water 3 (by 
volume). The development was repeated 3 times and the plates were spray dried before 
the next run. The oligosaccharides were then detected by spraying lightly with a 10% 
(w/w) sulphuric acid solution in concentrated ethanol and the plates were heated in a 
dark oven at 140 'C for 5 minutes. 
4.2.3.3 High-performance anion-exchange chromatography 
As practical instruments for high-performance anion-exchange chromatography 
(HPAEC) became commercially available, HPAEC has become a powerful tool for 
carbohydrate research. In HPAEC, strong alkaline solutions, usually NaOH, are used as 
cluent. Under these conditions the hydroxyl groups of carbohydrates are transformed 
into oxyanions, thereby enabling carbohydrates to be chromatographed as anions (Lee, 
1990). 
The current HPAEC analysis of oligosaccharides from detariurn and tamarind 
polysaccharides digest was carried out using a Dionex BioLC chromatography equipped 
100 
Chapter 4 Isolation and characterization of detarium polysaccharides 
with CarboPac PAI anion-exchange column (250 x4 mm Dionex, Camberley, UK), 
pulsed amperometric detector and n-kroinjection system. The sample (2-10 gg) was 
applied to the column and the column was then eluted with a gradient of sodium acetate 
(50-100 mM) in sodium hydroxide (100 mM). 
4.3 Results and discussion 
43.1 Chemical compositions of detarium flour and s-NSP extract 
The macronutrient composition of the detarium seed flour (Table 4.1) indicated that 
most of the polysaccharide material was in the form of water-soluble, non-starch 
polysaccharide (59.8 g/lOOg dry matter). A high yield of s-NSP was extracted from the 
original detarium seed flour (51.4 ± 1.7 g/lOOg dry matter) using the method described 
in Chapter 3. 
Table 4.1 Macronutrient composition of detariumflour (gl]00g dry matter). 
Component Amount S. D. "(±) 
Protein 14.1 0.03 
Fat 8.2 0.8 
Starch 0.4 Ob 
s-NSP 59.8 0.9 
Total NSP 62.2 1.1 
Ash 2.7 0.03 
* S. D. = standard deviation. ' Single value only. 
The s-NSP content of the extract was found to be 91.8 ± 1.7 gIIOOg dry matter 
measured by the Englyst method (see Chapter 3). The results of the compositional 
analysis are presented in Table 4.2 and Fig. 4.1. The main monosaccharide components 
of s-NSP were glucose, xylose and galactose in the ratio of - 2.67 (± 0.04): 1.92 (± 
0.04): 1 (± 0.02), respectively. This was close to the values reported for tamarind seed 
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xyloglucan which was - (2.8-2.9): (2.1-2.25): 1, respectively (Gidley, et al., 1991; 
Buckeridge, el aL, 1992). 
T, 
Time (min) 
Fig. 4.1 Gas-liquid chromatogram of the aldifol acetalesftom a hydrolysate of water- 
soluble non-starch polysaccharide extractedftom detarium seeds, where A, arabinose, 
B, xylose, C, allose, A mannose, E, galactose and F, glucose. 
4.3.2 Structural analysis 
To determine whether or not the s-NSP extract of detariurn is a xyloglucan similar to 
that from tamarind seeds, samples of both polysaccharides were digested with a pure 
endo-(I-ý4)-P-D-glucanase of fungal origin. This enzyme is known to hydrolyse 
tamarind and other seed xyloglucans to a mixture of the four subunit oligosaccharides 
XXXG, XLXG, XXLG, XLLG as shown in Fig. 4.2 (York, el al., 1990; Fanutti, et al., 
199 1; Buckeridge, et aL, 1992). 
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Table 4.2 Monosaccharide composition of the water-soluhle non-starch polysaccharide 
extract andflourftom delarium seeds (gl]00g dry matter). 
Polysaccharide extract Flour 
Monosaccharides Mean S. D. Mean S. D. 
Arabinose 1.75 0.14 2.24 0.04 
Xylose 30.49 0.53 18.84 0.58 
Mannose 0.72 0.14 0.55 0.04 
Galactose 15.91 0.52 10,90 0.93 
Glucose 42.19 1.21 26.81 1.23 
Uronic acid 0.75 0.14 2.81 0.56 
Total 91.81 1.71 62.15 -0.63 




























Fig. 4.2 Structure of seed xyloglucan suhunit oligosaccharides, where X= xylose, G= 
glucose, Ga = Galactose. 
TLC analysis of the progress of the hydrolysis of tamarind xyloglucan showed that a4h 
incubation was sufficient for the complete conversion of the polysaccharide to three 
components, previously identified as XXXG, XLXG and XXLG (unresolved) and 
XLLG (Fig. 4.3, lanes 5-8) (Fanutti, et al., 1991). Exactly the same components were 
obtained from the s-NSP of detarium over the same time period, indicating that the s- 
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NSP was also a xyloglucan (Fig. 4.3, lanes 9-13). To confirm this, and to obtain fine- 
structural information, the two 4h digests were subjected to IHPAE chromatography 
(Fig. 4.4). As has been observed previously (York, el aI, 1990; Fanutti, el aL, 1991), 
the tamarind digest contained peaks corresponding to XXXG, XLXG, XXLG, XLLG in 
the relative proportions 1.00: 0.42: 2.07: 6.20. The detariurn s-NSP contained 
indistinguishable peaks, but in the relative proportion 1.00: 0.30: 5.60: 6.20. These 
results confirm that the detariurn s-NSP is a xyloglucan, consisting of a cellulosic 
backbone with single-unit cc-D-xylopyranosyl substituents attached to carbon-6 of the 
glucosyl residues, and with, some of the xylose residues further substituted at carbon-2 
by P-D-galactopyranosyl residues. 
%0 
4u 







XI XG + XXLG 
XU. C, 
123456789 10 11 12 13 14 15 16 17 
Tamarind Detarium 
Fig. 4.3 TLC plate showing time-course of endo-(1-44)-, &gIucanase hydrolysis of 
delarium and tamarindpolysaccharides. Lanes 1,17, galactose standard, Lanes 2,16, 
xylose standard; 3,15, glucose standard, ý 4,14, cellobiose standard. Lanes 5,6,7,8, 
digest of tamarind xyloglucan after 0.5,1,2,4 A showing conversion to XXXG, =G 
and XALG (unresolved), ULG. Lanes 9-13, digest of s-NSP after 0,0.5,1,2,4 h. 
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The quantitative information on the relative amounts of the four oligosaccharides given 
by Dionex HPAE analysis allowed deduction of the glc: xyl: gal ratio of the 
polysaccharides. They were in close agreement with the value obtained by direct 
hydrolysis (Table 4.3). The degree of galactose substitution of the xyloglucan core is 
lower in detarium than tamarind. It is interesting to note that in both polysaccharides 
there is a high amount of the subunit XXLG relative to XLXG. This indicates a non- 
random distribution of galactosyl-substituents in both polysaccharides. 
Table 4.3. Results of HPAEC showing quantitatively oligosaccharides fractions 
convertedfrom tamarind and detarium xyloglucan when treated with endo-(I-4)-D- 
glucanase. 
Oligosaccharides ratio Deduced monosaccharides 
XXXG XLXG XXLG XLLG Xyl Gal Glu 
Tamarind 1.00 0.42 2.07 6.20 1.00 0.51 1.34 














Fig. 4.4 HPAEC trace showing oligosaccharides produced from tamarind xyloglucan 
and detarium xyloglucan when treated with endo-(I-W)-p-glucanase. 
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4.3.3 Anatomical observations 
Light microscopic examination of the detarium cotyledonary sections showed highly 
thickened cell walls, which stained bright blue with iodine reagent and were particularly 
prominent at the cell junctions (Fig. 4.5). This and other morphological characteristics 
are remarkably similar to those seen for cotyledonary material of tamarind seed 
(ungerminated), which like many other species of seed xyloglucan, show a blue colour 
(amyloid reaction) with iodine (Kooiman, 1960a, 1960b). The positive staining of the 
fluorescein-labelled lectin (BS-1), which is specific for a-D-galactose residues (Hayes 
and Goldstein, 1974), confirms the presence of xyloglucan in the thickened cell walls of 
detarium cotyledon. These results suggest strongly that the xyloglucan of detarium seed, 
which is clearly present as large deposits, functions as a cell wall storage polysaccharide 
like other seed xyloglucans (Reid, 1985), although germination experiments need to be 
carried out to confirm this. 
Fig. 4.5 Brightfield image of storage cell wall xyloglucan in Detarium seed endosperm 
stained with iodine -potassium iodide. (magnification 400x). 
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4.4 Conclusions 
Studies of a seed flour extracted from the leguminous plant Delarium senegalense 
Gmelin indicate that it is rich in s-NSP, comprising mainly glucose, xylose and galactose 
in the ratio - 2.67: 1.92: 1.00. The s-NSP component is structurally similar to tamarind 
seed xyloglucan, but with less galactose substitution on the detarium xyloglucan core 
than that found in tamarind. Histochernical examination of the detarium seed, using 
bright field and epifluorescence microscopy, indicated that the xyloglucan was located in 
highly thickened cell walls. 
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Solution characteristics of the xyloglucan 
extracted from detarium seeds 
5.1 Introduction 
In the previous chapter it was established that detarium seeds contain a high 
concentration of water-soluble, non-starch polysaccharides, the main fraction of which 
is a xyloglucan structurally similar to that extracted from tamarind gum, although the 
proportion of galactose, relative to xylose and glucose, is somewhat lower than that 
found in tamarind gum. In the present chapter, we extend our previous characterization 
of detarium, by including measurements of viscosity at finite concentrations, both well 
above and well below C*, the coil overlap concentration, together with detailed studies 
of the molecular weight and chain properties obtained from intensity light scattering 
measurements. 
Detariurn xyloglucan has possible clinical use in the dietary management of diabetes 
mellitus and other metabolic disorders. Moreover, in common with many other 
polysaccharide gums, it has also potentially important commercial applications, 
particularly in the pharmaceutical and food industries for controlling drug release and 
modifying texture, respectively (Lapasin and Pricl, 1995). 
Therefore, one aspect of this study was to further characterise the solution properties of 
purified xyloglucan, so that this can be related to therapeutic activity and other 
functional properties of the polymer. More generally, few detailed investigations of 
solution properties of xyloglucans have appeared in the literature, and the only extensive 
stu y is t at on tamarind gum (Gidley, et al., 1991; Lang and Burchard., 1993). 
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However, according to one of the co-authors of the latter paper (W. Burchard, personal 
communication), the light scattering measurements in these studies were complicated by 
fime dependence and stTong aggregafion effeCtS. In the PTesent vioTk, the PTP-SsuTe 
heafing method of Vorwerg and Radosta (1993) has been employed. Recent work by 
these authors (Aberle, el aL, 1994) has shown that reliable time and aggregation 
independent scattering results can be obtained for starch polymers by ernploying this 
technique. The present work is the first application of this method to s-NSP. 
5.2 Experimental 
The detarium xyloglucan was extracted and purified using the method described in 
Chapter 3. Solutions for theological measurements were prepared by dispersing the 
known weights of a freeze-dried sample of purified detarium gum in deionized water for 
Ih at 80'C and then mixed overnight using a magnetic stirrer at room temperature. The 
xyloglucan, content and intrinsic viscosity of the purified detarium xyloglucan were 
determined using the methods described in Chapter 3. 
Steady shear and dynamic frequency sweep experiments on the detariurn gum solutions 
prepared at different concentrations (0.1-3.0%, w/w) were performed on the 
Rheometrics Fluids Spectrometer (RFSII, Rheometric Scientific Ltd, Epsom, UK. ) with 
a cone and plate configuration (diameter 50 mm, cone angle 0.02 radians). All the 
measurements were conducted at 25'C (see Chapter 3 for other details). 
Static light scattering measurements were performed at 25"C with a fully computerised 
and electronically modified SOFICA photogoniometer. Full details of this method are 
given in Chapter 3. 
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5.3 Results 
5.3.1 Intrinsic viscosity [, qj 
The [q] was determined with the glass capillary viscometer at polysaccharide 
concentrations ranging from 0.0 1% to 0.1% (w/v). In this case, the viscosity relative to 
that of the solvent (water) lies in the range 1.2 < il, < 2.0. The experiments carried out at 
higher concentrations and at a range of different shear rates suggest that under these 
conditions (i. e. 1.2 <, q,. < 2.0) the solution viscosity is essentially Newtonian. The [, q] of 
detarium gum was found to be -8.9 ± 0.2 dVg (Fig. 5.1), which is significantly higher 
than the value reported for tamarind-seed xyloglucan ([, n]=6.0 ± 0.5 d1/g) (Gidley, et al., 
1991). Since the [TI] of detarium gum is rather high, this gives a very low C* 
(i. e. C* = 1/[71] = 1/8.9 g/d1 = 0.11% w/w), which means of course that solutions of 













Fig. 5. ] Estimating intrinsic viscOsitY Of detariumpolysaccharideftom plots qplC vs. 
C r1b) 60 and In(Ijd1C vs. C ('16) (. ). Dotted lines indicate 95% confidence intervals. 
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Since an increase in the intrinsic viscosity of any polymer reflects both the short range 
intramolecular -interactions (chain flexibility) and its molecular weight, this difference 
could be due either to the fact that a decrease in galactose residues attached to the 
xyloglucose backbone of detarium increases chain stiffness (persistence length or chain 
characteristic ratio) or, more likely, that the detariurn xyloglucan has a relatively higher 
molecular weight. Note that such an increase need not indicate that the native molecular 
weight is higher, but merely that it has been reduced to a lesser extent by the extraction 
regime employed. However, it is clear that the detarium xyloglucan is of high molecular 
weight. 
The Mark-Houwink relationship (equation 2.3) allows an estimation of the (viscosity) 
average molecular weight by intrinsic viscosity measurement. For most random coil 
linear polymers, including polysaccharides, the exponent cc should lie in the range 0.5 - 
0.8 (Ross-Murphy, 1994). Recent studies show that xyloglucan exhibits a strong 
tendency to aggregate in aqueous solution (Gidley, et aL, 1991; Lang and Burchard, 
1993; Lang, et al., 1993, ); this was described as bundle-shaped lateral aggregation of 
single polymer strands. This behaviour can obviously result in marked increase in the 
polymer stiffness, but generally such aggregation effects, although they may affect the 
small angle light scattering behaviour, tend not to influence the value of [711. This is 
because the aggregates, although very high in molecular weight (thus in weight fraction) 
are usually small in number fraction. Moreover, they are usually fairly compact. Since 
[ij] (M, ) reflects a slightly lower M,, average (M. <M,, <M. ) and effectively measures the 
size (radius) of the aggregate particle, it tends not to be sensitive to the aggregate 
fraction. 
If for detariurn xyloglucan we assume that a is 0.5, the average molecular weight of the 
detarium xyloglucan, MD, can be estimated using equation 5.1 and the data obtained for 
the tamarind xyloglucan by Gidley and colleagues (Gidley, et al., 199 1) (i. e. [IJIT = 6.0 
g/dl, MT = 8.8 x 105 g/mol). From this MD was found to be - 1.9 x 106 g/Mol. 
MD= ([TIID MTct/['tl]T) 
1/CL (5.1) 
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On the other hand, if we use an exponent value of 0.8, a somewhat lower estimate of 
MEj - l. 3xj06 g/mol is obtained. 
5.3.2 Steady shear flow measurements 
The response of semi-dilute detarium xyloglucan solutions to steady shear rate 
experiments was studied over a wide range of concentration (0.1-3.0 %, w/w). Fig. 5.2 
shows the shear viscosity versus shear rate (ý ) in the range of 1072_103 s-1 on a double 
logarithmic scale. No shear rate viscosity dependence was shown in the range of ý used 
for concentrations lower than 0.3 %. However, for solutions of concentration above this 
level, obvious shear-thinning behaviour was seen at high shear rate range, and, as 
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Fig. 5.2 Shear rate (ý ) dependence of viscosity (ij) for different concentrations of 
detarium xyloglucan solutions. Dotted lines represent the least squares fitted Cross 
equation. 
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Fie. 5.3 Variation in the zero-shear specific viscosity of detarium Xyloglucan solutions. a 
Experimental points between concentrations 0.02-0.08% (wAv) were obtained by 
using the glass capillary viscometer. Other experimental points (e) were obtained with 
the RFSIL 
Ile Cross equation (equation 2.7, Chapter 2) has been used to calculate the zero-shear 
viscosity ilo of the steady shear measurements by employing a non-linear least squares 
fit. From these data, the concentration dependence of the zero-shear specific viscosity 
(ij, 
P) can 
be presented conveniently as a double logarithmic plot of %P against the coil 
overlap parameter Qq] = C/C* (Fig. 5.3). In Fig. 5.3, the experimental points between 
polymer concentrations 0.02 - 0.08% (w/w) were obtained by using the glass capillary 
viscometer, while the rest of the data were obtained with the RFSIL Two distinct linear 
regimes of slope can be identified from this plot, which is consistent with data seen for 
many other polysaccharide solutions. The first regime with a slope of -1.3 corresponds 
to the dilute solution, and the second one with a slope of 4.0 represents semi-dilute 
solutions. This means that when C< C*, q SP -C while at 
C> -2C*, il SP - 
e*", 
which 
is very similar to data published for guar gum (Robinson, et A, 1982). The highest slope 
value (i. e. 4.0) is almost the same as that obtained for most linear polymers interacting 
by purely topological entanglements. From the intersection between the extrapolations 
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of the two straight lines the consequent concentration C., was calculated to be 0.21%, 
i. e. 2C*. It is also worth mentioning that between the two linear regions there is an 
intermediate region in which our data shows a continuous curvature. Although some 
workers have apparently introduced a third linear region to describe this behaviour, this 
has no any real significance, particularly for polydisperse materials. 
5.3.3 Dynamic measurements 
As far as dynamic viscoelastic measurements are concerned, the coupling of strain y and 
strain rate is critical, since only in the small-strain limit will G* and il* be independent of 
strain. This upper limiting strain depends strongly on the nature of the system and must 
be determined by careful experiments. The dependence of G* on strain y for 1%, 2% 
and 3% detariurn gum solutions was illustrated in Fig. 5.4. The G* are reasonably 
independent of strain at all three concentrations up to y of - 0.35. There is no clear 
evidence that this limit was affected by different concentrations in the concentration 









Fig. 5.4 Dependence of G* on strain ý for 1,2 and 3% (wAv) detarium xyloglucan 
solutions. 
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The storage and loss moduli G' and G" for 1,2 and 3% solutions of detarium xyloglucan 
are plotted against frequency (o in Fig. 5.5. G" was always greater than G' for all three 
concentrations when in the low frequency range (< -10 rad. s'), indicating therefore, 
that the solutions were predominantly liquid-like. Since G' increased faster than G' with 
increasing frequencies, there was a cross-over point between G' and U' at 100,35,15 
(rad. s") for solutions of 1,2 and 3%, respectively. This denotes a change of solution 
response from predominantly liquid-like to solid-like behaviour, which occurs at lower 







w (rad. el) 
1% 
Fig. 5.5 G'and G "for different concentrations of detarium xyloglucan solutions. 
The dynamic viscosity -Tl*(cL)), which is defined as (G P2 +G rt2)1/2/(o (see Chapter 3), 
exhibits a similar profile when frequencies change as Tj( ;) vs. ;. At low frequencies a 
Newtonian plateau is seen while at high frequencies shear-thinning behaviour is 
exhibited. The ilo* values were also calculated using the Cross equation in order to 
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Q were found for solutions of concentration from 1.0-3.0 %. Within experimental error, 
and as always seen, within the lower shear rate ranges, the Cox-Merz rule (Ross- 
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Fig. 5.6 Steady and dynamic viscosity data for 1 (i. e. CIC*-9), 2 and 3.0% (w1w) 
detarium xyloglucan solutions. 
5.3.4 Light scattering measurements 
Preliminary light scattering measurements carried out in Freiburg.. (Dr. H. Urakawa, 
Kyoto Institute of Technology, personal communication) suggested that a wide range of 
molecular weights could be obtained for detarium gum, some of them >107 , depending 
on pre-measurement heating temperature (at atmospheric pressures) and solvent. This 
suggested that a more rigorous solubilization technique was required if reliable 
measurements were to be obtained using deionized water which, in turn, suggested the 
employment of the pressure heating cell. 
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In all experiments the scatter of data obtained for deionized water at scattering angles 
<400 was very large, a reflection of the use of water as the scattering medium, and the 
small cell size and scattering volume. Other measurements were very reproducible and 
good data could be obtained for all higher angles and C< C*. Because of the obvious 
curvature seen in all Zimm plots, the data were replotted in the Berry form, that is 
plotting the square root of the abscissa (Kc/Re) of a conventional Zimm plot (Burchard, 
1983; 1994). This curvature reflects the structure-dependent angular behaviour of the 
scattering data, which is analysed below. 
Results from the light scattering measurements are given in Table 5.1, and a typical 
Berry plot is illustrated in Fig. 5.7. The weight average molecular weights, M,,, from 
independent zero angle and zero concentration extrapolations matched well in almost all 
cases, and good data were obtained for the (root of z-average mean square) radius of 
gyration, R. (Table 5.1). As is usual for water-soluble neutral polysaccharides of high 
molecular weight, estimates for the second virial coefficient, A2, were far less reliable, 
and although all values were positive, they were quite small. 
Table 5.1 Summary of static light scattering results. 








XGI 1301C for 20 mins 2.75 1 
2.75 119 1.5 
XG2 Same sample after 24 hrs Scattering essentially unchanged 
XG3 Repeat of XG 1 2.58 2.53 112 0.4 
XG4 1301C for 120 mins 2.75 2.75 123 3.1 
XG5 1601C for 20 mins 2.72 2.72 114 1.9 
Mean 2.69 117 
±SD 0.08 4.3 
aMWI 
andMW2 correspond to the zero concentration and zero angle extrapolations of 
the Berry plot. XG = Xyloglucan. 
b Rg = Z-average root mean square radius of gyration. 
'A2= Second virial coefficient in units of reciprocal concentration, viz. mol mi/g 
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Fig. 5.7 Benyplotfor sample XG5. Ae vertical shifts of some of the experimental data 
reflect slight concentration errors. 
Most importantly, the M. and Rs showed no significant change either with length or 
maximum temperature of heating, or even when remeasured after 24 hours (Table 5.1). 
The latter, in particular, is a clear "sign that the very pronounced time-dependent 
supramolecular aggregation, almost always seen in light scattering of polysaccharides, 
and most other water-soluble polymers (Huglin, 1972), appears to have been eliminated 
by the high temperature and pressure treatment. The former effect severely reduces the 
reliability of much of the literature data on polysaccharide molecular weights by light 
scattering. 
Furthermore, the observation that M,, s obtained are effectively independent of heating 
temperature and time strongly suggests that we are measuring a true molecular property, 
rather than a time- and temperature-dependent molecular weight-degradation effect. 
This justifies a posteriori our strategy of treating the data for different treatments 
statistically as if they were strict replicates. 
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5.3.5 Intrinsic viscosity of heated samples 
In order to confirm our supposition that no macromolecular changes had been induced 
by the pressure heating process two subsequent experiments were carried out. Firstly, 
one of the freeze dried samples after pressure heating from Freiburg was remeasured in 
London. It was noticeable how readily this sample dissolved compared to the untreated 
polymer. A further heat and pressure experiment was also carried out in London, 
although this had to be carried out using a laboratory autoclave (1210C, 15 bar total 
pressure) rather than the specialist pressure cell. The [ij] values obtained for the sample 
after 20 min heating under 121T autoclave; and for the rehydrated sample originally 
heated to 1300C in the pressure cell were 9.3 dVg and 8.4 dl/g, respectively (Fig. 5.8). 
Although the latter value was a little lower than that seen for the original untreated 
sample 8.9 dVg, this in no way suggested a significant decrease due to depolymerisation. 
Instead, the data are very consistent with the influence and removal of a small number 
fraction (but large weight, and z-average fraction) of supramolecular aggregates on the 
[ij] of the non-heat treated samples. 
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Fig. 5.8 Intrinsic viscositY of detarium measured when the sample solutions were 
treated in different ways. 
120 
Chapter 5 Solution characteristics of detarium xyloglucan 
5.4 Discussion 
All the semi-dilute solution characterization work (Fig. 5.2) seems to be very largely 
consistent with much of the other data in the literature for the rheology of 
polysaccharide solutions. Nevertheless, the quality of the data are, in our view, very 
impressive. Fig. 5.3 illustrates the expected variation of viscosity with dimensionless 
overlap, with values of the two slopes quite consistent with most other published data. 
The shear rate dependence of viscosity at different concentrations (Fig. 5.2), and the 
dynamic mechanical data are all completely normal (Fig. 5.5), the linear viscoelastic 
strain region is quite pronounced (Fig. 5.4), and there is very strong evidence for Cox- 
Merz; superposition of il and il* at corresponding shear rates and oscillatory frequencies, 
even at relatively high concentrations (Fig. 5.6). All of this suggests that detarium gum 
is a well behaved linear polymer entanglement network system (Morris, el aL, 1981; 
Robinson, el aL, 1982; Richardson and Ross-Murphy, 1987a; 1987b; Ross-Murphy, 
1984; 1994; Lapasin, et aL, 1995). However, the molecular weight, and angular 
dependence of scattering data, suggest that this conclusion is partly illusory. 
As discussed earlier in this chapter, on the basis of a comparison of the intrinsic viscosity 
of the present sample with tamarind gum, the measured molecular weight for tamarind 
(Gidley, et al., 1991) and the bounds of the Mark-Houwink equation for linear flexible 
macromolecules (0.5-0.8), the M,, for detarium gum should lie in the (albeit generously 
bounded) range 1.3-1.9 x 10'. However, the measured Mw is very significantly larger 
than this (about 2 times greater). There are several potential explanations for this 
discrepancy, of which one at least is the questionable reliability of the tamarind gum 
results. These data (Lang and Burchard, 1993) were themselves subject to significant 
sample-to-sample and day-to-day fluctuations (W. Burchard, personal communication), 
due mainly to very pronounced time-dependent aggregation effects. Another explanation 
is that the detarium gum is not an essentially linear macromolecule, but is instead slightly 
branched. This would lower the Mark-Houwink exponent and so increase the estimated 
value of Mw- 
Because of the high quality of the zero concentration light scattering data it should be 
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possible to analyse this and examine the "shape7' of the macromolecule. This approach, 
although widely employed for synthetic macromolecules using small angle X-ray 
scattering or, for very high molecular weight samples, light scattering, can be applied 
very rarely for light scattering of polysaccharides, because the overall data are not 
generally reliable, nor are the molecular weights high enough. Indeed, successful 
application of this approach (Burchard, 1994) is limited, for example, to amylopectin 
and glycogen, which are both of extremely high M,, (>2xl 07), or to very stiff 
macromolecules such as xanthan. As far as we are aware, this procedure has never 
previously been applied successfully to any of the galactomannan, glucomannan or 









Fig. 5.9 KratAy plot for detarium gum samples. 77? eoretical curves calculated for 
models as in Burchard (1994). The upper line isfor homodisperse linear chains, since 
both polydispersity and chain stiffness tend to increase the slope of this curve. 
Experimental pointsfor samples XG] (D), XG3 (e), XG4 (A), XG5 (&). 
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Fig. 5.9 shows just such a procedure, using a Kratky plot Of U2p(U) VS. u. Here, u= qRg, 
P(U Ro/R" is the so-called particle scattering factor, which reflects the angular 
dependence of the scattered light, and q is the scattering vector (= 4nsin(0/2)/X). The 
parameter u, which is dimensionless, measures the intramolecular probe distance relative 
to the incident light wavelength, and P(u) can be calculated for different chain 
architectures. The data from different experiments are in very good agreement (this is a 
particularly testing strategy) and show that at wide angles (high u) they reach an 
apparent plateau, where U2p(U) is ca. 1.5. 
The overall grouping of data lies much below the expected profile for a Gaussian 
(flexible) chain, which itself lies below that for semi-flexible chains or rods (not 
illustrated in Fig. 5.9). The data lie above the curve for a very high degree of random 
homogeneous branching, and qualitatively, at least, resemble the traces calculated for 
low degree (three or four arm) star-branched macromolecules (also not shown in Fig. 
5.9). Such a model cannot be taken too literally without including the effects of 
polydispersity, but what can be stated unequivocally is that the scattering profile for 
detarium gum is not consistent with that of a linear macromolecule, but instead strongly 
suggests a small element of long chain branching. The level of such branching need not 
be very great, say perhaps 2-10 branch points per chain. This is much below the level 
detectable biochemically (J. S. G. Reid, personal communication), but is quite sufficient 
to affect the overall chain profile. For example, at the same molecular weight, a single 
tetrafunctional branch point could halve the radius of gyration (Zimm, and Stockmayer, 
1949). 
By analogy with the entanglement behaviour of branched polymer melts (Evans and 
Edwards, 1981), the implications of this conclusion for the rheological data are that we 
might expect to see, at very high concentrations, a more pronounced slope in the ijp vs. 
c[ill trace. Examination of Fig. 5.3 does not reveal this however, although the 
"breakpoine' value of c[q] is rather low at -2 (the corresponding value for most other 
polysaccharides is - 4; Morris, et A, 1981). Such a high slope value has been observed 
in an apparently very highly branched polysaccharide from bacterial levan (Kasapis, et 
aL, 1994). However, the exponential increase in Tjo suggested from theory, and 
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sometimes observed (Ball and McLeish, 1989) for star branched polymer melts does not 
seem to be as obvious when considering solution behaviour. 
One additional remark needs to be made. How can we be sure that the branching 
observed is not a consequence of either entanglements or some non-covalent 
interactions? For example, recent work by Goycoolea et aL (1995) has examined the 
effect of alkali treatment of polysaccharides, with a consequent reduction in [Ill. 
Although alkali was used, in other respects the temperature regime was far less rigorous 
than employed in the present work. We feel that almost all non-covalent interactions 
would have been disrupted by the process used in the present work. Moreover, the time 
and heat treatment independence also argues against the presence of non-covalent 
bonds. 
Finally, it needs to consider the longer term implications for the branched chain model. 
The assumption is made for a number of polysaccharides that these are linear 
macromolecules, although the positive evidence for this is nearly always absent. 
Biochemically it may even be simpler for plants to synthesise slightly branched 
macromolecules rather than linear chains, and the scattering part of this work, at least, 
suggests that there is a considerable future in re-examining the solution behaviour of a 
wide range of polysaccharides employing the pressure-temperature method to create 
time stable, molecular solutions. The use of the method to produce more readily re- 
hydratable materials is also worth examining. 
5.5 Conclusions 
In this chapter, macromolecular solution properties of detarium xyloglucan were 
investigated by steady and dynamic shear rheometry, and static light scattering. The 
intrinsic viscosity of detarium xyloglucan was found to be 8.9 dl/g. All the semi-dilute 
solution characterization work seems to be very largely consistent with much of the 
published data for the rheology of other polysaccharide solutions and suggests that 
detarium gum is a well behaved linear polymer entanglement network system. It has 
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1.3 4.0 
been established that when C< -C*, ii SP 0C 
C, while at C> -2C*, ij. poc 
C. The static 
light scattering technique was successfully applied to examine the molecular weight and 
architecture of the detarium xyloglucan macromolecule by employing pressure heating 
treatment of the samples. The scattering profile for detarium xyloglucan is however not 
consistent with that of a linear macromolecule, but instead strongly suggests a small 
degree of long chain branching. This slightly surprising finding may have significant 
implications for the future work. 
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Development of a rheological method for the 
study of hydration Idnetics of s-NSP powders 
6.1 Introduction 
The first mathematical model describing the dissolution of low molecular weight 
compounds appeared at the end of nineteenth century (Noyes and Whitney, 1897). Since 
then, the dissolution kinetics of such materials has been investigated in great detail as 
reviewed in Chapter 2. However, knowledge about this process in the field of 
macromolecules is still limited. Although numerous theories and mathematical models 
have been developed, most of them still have various limitations for practical use. 
Several attempts have been made to model particulate materials of spherical shaped 
and/or monodisperse in particles size only (Langenbucher, 1974; Abdou, 1989). The 
polydispersity in particle size and molecular weight of multi-particulate systems such as 
polysaccharide powders make it extremely complex to establish a theoretical model. 
However, the development of empirical models to describe the dissolution process of 
polydisperse system is still very useful for practical purposes. 
In the dissolution models discussed in Chapter 2, the effect of viscosity was either 
ignored or was assumed to be constant during the dissolution process. This may be true 
under sink conditions (i. e. the dissolved molecules were removed from the dissolution 
surface immediately) or where the viscosity does not change significantly during the 
dissolution process. In the case of most high-molecular-weight polysaccharides, such as 
guar gum, which form highly viscous solutions above a certain concentration, the 
viscosity will increase by a non-linear function of concentration during the dissolution 
process. It is not appropriate to exclude the viscosity effects from the hydration models. 
Furthermore, the high-molecular-weight nature of guar galactomannan may have a 
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major effect on the dissolution mechanism compared to other solutes with much lower 
molecular weight 
Having considered the complexities of the hydration of guar gum flours, the aim of this 
chapter was to seek appropriate empirical models for the study of hydration kinetics of 
these materials. Thus, attempts were made to develop a simple empirical model by 
mathematical curve fitting approaches. The current hydration data of guar gum flours 
were also fitted to several selected models described in Chapter 2 and the comparisons 
were made between the results obtained from these models. 
6.2 Experimental 
6.2.1 Materials 
Three commercial guar gum flours of different molecular weight and particle size were 
used in this study. These are standard food grades M150 and M90 (Meyprogat range, 
Meyhall Chemical Company Ltd, Switzerland), RG30 (Hercules, London, UK). A 
sample of guar gum granules (Master g) with medium particle size milled directly from 
guar seed endosperm (details for this sample is in Chapter 8) was also included in this 
experiment. The guar gum samples used in this chapter were from different batches of 
commercial products. Some physico-chemical properties, such as average molecular 
weight, are slightly different from other samples of the same grades. The average 
molecular weights of guar gum samples were estimated from measurement of intrinsic 
viscosity as described in Chapter 3. Particle sizes of the samples were measured by the 
Malvern instrument as described in Chapter 3. 
6.2.2 Methods 
The hydration method used in this chapter was described in Chapter 3. The mixing box 
rotated at a speed of 6 r. p. m. (the estimated minimum speed needed to prevent 
aggregation of the samples). Viscosity measurements were performed on either a 
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Brookfield RVT viscometer, using spindle 4 at 20 r. p. m or a RFSII (see Chapter 3), 
using plate-plate configurations (50 mm in diameter and I mm gap). In the latter case 
zero-shear viscosity was estimated from the mean value of the first four experimental 
points at the lowest shear rate, corresponding to the Newtonian plateau. The ultimate 
viscosity of samples of Master G was determined in a different way as described in 
Section 7.2.1. 
in the present study, 1% (w/v) solutions were prepared on the basis of dry matter 
content of the materials (not on the amount of galactomannan). Tbus, there would be 
small differences in galactomannan concentrations between the different grades of guar 
gum samples. Each experiment was carried out for four replicates and the mean was 
used in subsequent data analysis. 
6.3 Results 
6.3.1 Development of empirical hydration model 
First order kinetics has been the most popular model for describing chemical reactions 
and physical process, including the hydration process. According to the first order 
kinetic model described in Chapter 2 the dissolution process can be expressed as: 
In = -kt 
or, in (i-, it 




where Tl,, is the viscosity of the dispersion at time t, ij- is the "ultimate" viscosity and k is 
the time constant related to the rate Of viscosity development. This implies that the plots 
In (I- ilt/Tl-) or In (I-ij, 
1/3-5/, 9-1/3.5) VS . time t are straight lines. 
One set of the hydration data was used to test the first order kinetic model according to 
equations 6.1 and 6.2. As shown in Fig. 6.1, neither of these two expressions fitted the 
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experimental data closely. In both cases the experimental data points deviated from the 
initial slope aceording to equations 6.1 and 6.2 at about 120 minutes and 60 minutes, 
respectively. At these stage the viscosity of the dispersion only developed about 40% 




t (m In) 
-Fig. 
61 Examples of hydration data (Master g) fitted to first order kinetic nwdel 0 
(equations 6.1 and 6.2). 
If the hydration curves in Fig. 6.1 are examined, it can be seen that the plot of 
In (1- ilt/il-) vs. time t was similar in shape to the logarithmic function y= -log. t, when 
O< a<1, y= In (I -TjjTj_). The curve of y= -log. t passes through the point (1,0). If we 
make the transformation t' = t+ 1, then the curve of y= -log. (t+ 1) will pass through the 
origin (0,0), which is similar in shape of our hydration curves. Since log. t= In On a, 
and to be consistent with the form of In the following natural logarithm 
function was selected initially to fit the hydration experimental data: 
In (I - Tluil-) =k In [a (t + to)] (6.3) 
Curve fitting was performed by using the software called Fig. P for Windows. The 
results of the data fitting for samples of M150, M90, RG30 and Master G using 
equation 6.3 are surnmarised in Table 6.1, and illustrated in Fig. 6.2. The statistics of 
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the fit results in Table 6.1 showed that the present model fitted with experimental data 
reasonably well, as indicated by the high correlation coefficients (r2 >0.95) and small S2, 
which is the estimation of variance (S2 = SUM of squares/degrees of freedom). 
-4.0- 
-3.0- 
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Fig. 62 Hydration data of different guar gum flours fitted by equation 63. Dotted 
lines indicate 95% confidence intervals. 
Table 61 Summaries of curve fitting results of different guar gum samples according 
to equation 63. 
Samples Parameters 
a k r2 S2 Mwx 10 d,. 0.5 
gm 
Master g 0.0629 -0.2606 0.962 0.003 2.60 75 
M150 0.1764 -0.4846 0.998 0.0006 2.11 53 
RG30 0.7042 -0-4461 0.996 0.001 1.85 
M90 0.6569 -0.5384 0.952 0.02 1.39 63 
* not determined. 
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During the above curve fitting process, to was found not to be significant for any of the 
four samples used. This was in accordance with the initial assumption to = 1, since t >> I 
immediately after the hydration starts. It is reasonable to suppose that to = 0, thus, the 
initial model could be simplified as: 
In (I -Tjt/Tj .)=k In (a t) (6.4) 
which expands to: In (I-Tjtjq-) =b+k In t (6.5) 
where b=k In a. Equation 6.5 implies that the plots of In (I- 11t, 11. ) vs. In t should all be 
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Fig. 6.3 Hydration data of different guar gum flours fitted by equation 6.5. Dotted 
lines indicate 95% confidence intervals. 
Fig. 6.3 is the linear plots corresponding to the data in Fig. 6.2. Obviously, three of the 
four samples presented straight lines with excellent linearity. The curve fitting results 
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were tabulated in Table 6.2. For M90, a slightly poorer correlation between the present 
model and experimental data was obtained (r2 = 0.95). Nevertheless, with all the degrees 
of freedom (f = 10) the fitness of this model with the data was still significant. 11-iis 
deviation is attributed to the quality of experimental data itself rather than the suitability 
of the present model. The relative lower viscosity of 1% (w/v) M90 solution made it 
difficult to detect the smaller changes at each time point. However, this can be improved 
by using a more sensitive geometry, such as couette system on the RFS IL 
Because the slope (k) and the intercept (b) in the present model are not independent of 
each other, the hydration rate cannot be compared by comparing the hydration 
constants directly. Nevertheless, because this model can regenerate the hydration curves 
with reasonable accuracy the rate of hydration could then be def"ined in terms of a 
hydration index. 
Conventionally, to. 5, the half-life of a reaction, has been used to describe the duration of a 
reaction. Similarly, we can define a hydration index in terms of the time at which 
specified fractions of the material are found to be dissolved. In this case, it is the time at 
which the viscosity of the solution attains a certain fraction of the ultimate viscosity 
(ij-). In the current study, to. 8, the time needed for viscosity of the dispersion to reach 
eighty percent of ultimate viscosity, was selected as the index of hydration rate. The 
reason for choosing this time period was that it covered the main period of hydration 
process during which most of the viscosity had developed and also that the viscosity was 
approaching the plateau value (ultimate viscosity). However, when other time periods 
were selected, for example, to. 5 or to. 9, a similar profile was obtained. Thus, equation 6.5 
can be re-written as: 







substitute Tjo. g = 0.81l. in the above equation gives: 
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0.2 I/k to-8 
b (6.8) 
The hydration rate of different samples, therefore, may be compared by comparing the 
magnitude of the hydration indices (tO, 8) predicted by the above equation. The smaller 
the to. 8 value, the higher the hydration rate is. For example, the hydration indices to. s 
calculated for guar gum samples in Fig. 6.3 are listed in Table 6.2. 
Table 6.2 Curve fitting results according to equation 6.5 and hydration indices 
00.8) Of 
different guar gum samples. 
Samples Parameters 
b k to. 8 r, s2 
Master g 0.7207 -0.2606 7647 0.962 0.003 





-0.4461 52 0.996 0.001 






6.3.2 Application of the Weibull function to hydration process 
This function was originally proposed by Weibull for describing the effect of the weakest 
link in a chain (Weibull, 1951). 71be chain could be anything from an electric light bulb 
filament to the life of a human. Ibis equation can be written as: 
f(t) =I- exp(-(t-92)/CC)5 (6.9) 
where t denotes time; f(t), in our experiment can be conventionally considered as the 
fraction remaining undissolved at time t, which is expressed as (ij--ijt)hj. =I-, qt/, rl, Q, 
a and P are the parameters in relation to viscosity development during the hydration 
process. 
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The hydration data of the different samples of guar gum was found to fit the Weibull 
function very well. As can be seen from Fig. 6.4, there is a reasonably good fit of the 
data using this model, regardless of the difference in molecular weight, particle size and 
types of the guar gum samples used. The fitted parameters were tabulated in Table 6.3. 
From Fig. 6.2 and Table 6.3 it can be seen that parameter D was a shape factor for the 
hydration curve. The hydration curves of sample M150, M90 and RG30 were similar in 
shape and their D values were approximately the same (46). A relatively small absolute 
value of D was obtained (0.47) for the sample with the largest particle size and 
significant slower hydration rate (Master g). Parameter cc defines a time scale of 
dissolution process since the larger the (x value the slower the hydration process. 
Therefore parameter cc can be used to compare the hydration rate with samples that have 
similar P values. For example, for samples of M150, RG30 and M90 which have similar 
0 values, it is clearly that the hydration rate increased while a decreased. The third 
parameter Q, was a measure of the apparent induction time, since dissolution started 
only when (t-Q) > 0. As it will be discussed in Section 6.4.2,92 was determined by the 
swelling time of the polymers. 
1.0 
* master g 
a MISO 
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Fig. 64 Examples of the Weibull fiinction fitted with hydration data of guar gum 
flours. Data of Master g were obtained by using RFS II, the other data by the 
Brookfield Rheometer. 
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Table 63 Summaries of curvefitting resultsfor hydration data of guar gum samples by 
the Weibull function. 
Samples parameters 
K2 a 0 r2 s2X 104 
Master g 10 95 -0.47 0.996 1 
M150 1.9 12.6 -0.60 0.998 3 
RG30 -6.6 5.3 -0.63 0.994 0.7 
M90 1 2.6 -0.61 0.946 6 
6.4 Discussion 
6A. 1 Comparison of the Weibull function with the logarithmic model 
When ilo. 8 = 0.81l- and f(t) = 1-ilt/il- are substituted into the Weibull function (equation 
6.9), the hydration index, to. 8, is given as: 
to. 8 =a (In 0.8)"0 + L2 (6.10) 
The use of the hydration index to. 8 enables us to compare the curve fitting results 
obtained from the logarithmic model and the Weibull function. Table 6.3 lists the 
hydration index tO. 8 for each guar gum sample calculated from the Weibull function 
(model 1) and our logarithmic model (model 2). The results obtained from these two 
models agree very well for the three commercial guar gum flours. However, in contrast, 
the to. 8 value for Master g using model 2 was significantly higher than that obtained from 
model 1. This deviation may result from either the over estimation of hydration rate of 
model I or the under estimation of model 2 beyond the current experimental time (here 
5 hours). It is probably more likely explained by the latter reason. This is because that 
model 2 only represents the hydration curves with the exponential growth in viscosity. 
Further experiments (in Chapter 8) showed that for some guar gum samples with larger 
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average particle size (and therefore slower hydration rate) the hydration curve was 
actually an exponential sigmoid curve. Indeed, from Fig. 6.5 it is clear that the hydration 
curve of Master g did exhibit a slight lag phase in the first 15 minutes and a tendency to 
upturn curvature after about 200 minutes. This might explain the deviations of model 2 
from the experimental data after 5 hours. Nevertheless, in view of postprandial 
physiological effects of s-NSP, the first 5 hours is probably the most important period 
during which both these two models gave rise to a satisfactory prediction of the 
hydration behaviour of guar gum powders. 
Table 64 Hydration index to. 8 calculated from Weibull function (model 1) and the 
logatithmic model (model 2). 
Model 1 Model 2 
Samples to. g (min) to. 8 (min) 
Master g 2320 7647 
M150 155 156 
RG30 50 52 
M90 31 30 
Although both models can be used to simulate the hydration process of guar gum flours 
satisfactorily, the logarithmic model has the advantage that it is much easier to extract 
the hydration parameters from the linear transform of the model (i. e. equation 6.5). In 
contrast, since the Weibull function has too many arbitrary parameters, the curve fitting 
process was found to be very laborious. The difficulties lies in the predetermination of 
the parameter Q at the beginning of the curve fitting process. The function was actually 
very sensitive to the pre-set Q value. Although the Weibull function can also be 
transformed into a linear form, the curve fitting was not any easier to do without the 
correct K2 values. Furthermore, it is difficult to explain why 92 can sometimes be 
negative, as in the case of the RG30 sample (see Table 6.3). Langenbecher (1972) used 
this model for some pharmaceutical tablets with the assumption that 92=0. However, we 
found this assumption was not suitable when using guar gum powders. 
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Fig. 6.5 Hydration curve q Master g showing the time lag in the first 15 minutes and 0f 
the upturn after about 200 minutes. Solid line was the cubic polynomial regression of 
the data point (r 
2=0.999) 
. 
The limitation of the logarithmic model is that it is only applicable when the hydration 
curves are exponential. From our experimental data this is the case for most of the 
commercial available guar gum samples of interest. However, for some pharmaceutical 
tablets and granules with extremely large particle size the hydration curve usually 
produces an initial lag stage (Randall, 1982). Thus, the hydration curve will actually 
have a sigmoid shape instead of the simple exponential shape. In this case, our model 
would not allow for predicting the initial time lag. 
6.4.2 Mechanistic explanation of the logarithmic model 
Further experiments (in Chapters 7,8 and 9) over a wider range of sampling time, 
especially in the first twenty minutes, have indicated that the single linear plots for guar 
gum flours according to equation 6.5 can be divided into two straight lines with different 
slopes as shown in Fig. 6.6 as an example. Ile slopes of the initial stage of the hydration 
process were found to be always smaller than those produced for the rest of the data. 
This indicated that the viscosity of the solution increased with time at a lower rate in the 
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first stage than the second stage. Normally this first stage corresponds to the first 10 to 
20 minutes after the samples were added into water and it was more pronounced for the 
samples with low hydration rate. Due to experimental limitations, in each experiment 
there were only two experiment points obtained in this time period. Although the 
hydration behaviour in this initial stage may need further investigation using other 
techniques, the finding in this experiment seems in agreement with the findings of other 
hydration studies and it can be explained in the following ways. 
13 M150 pH7 
0 M150 pH3 
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Fig. 66 Examples of hydration profiles of guar gum showing the two stages of 
hydration process. 
Let us consider the hydration process of a single spherical particle as in Fig. 6.7. In the 
initial stage of the process the particle starts to swell as a result of the solvent (here 
water) difftising into the particle and a simultaneous transition from the solid state to a 
gel-like state at a characteristic solvent volume fraction. Thus, two distinct fronts were 
observed: a solvent-polymer front (F, ), which moved outwards, and a gel-solid front 
(Fd, which moved inwards to the centre of particle. A gel layer phase was formed with 
thickness h. According to the study by Peppas et aL (1994; 1997), there were three 
distinct dissolution stages. During the early stage, the solvent diffused into polystyrene 
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and the sample swelled without significant dissolution (Fig. 6.7b). After the initial 
swelling period, dissolution was exhibited and soon reached a stationary phase. In this 
stage, the gel layer thickness became constant (Fig. 6.7c). At the end of the stationary 
stage the gel-solid Fg front reached the centre and disappeared, while at the same time, 
the solvent-gel interface moved rapidly towards the centre until the polymer sample was 
completely dissolved (Fig. 6.9d). This acceleration in the dissolution rate could be 
attributed to the higher solvent volume fraction at the final dissolution stage, which gave 
rise to a shorter disentanglement time of the polymer molecules. 
It is reasonable to assume that the first stage of the hydration process of guar gum 
corresponds to the swelling stage. For example, the swelling time t. has been found to be 
about 5 minutes for monodisperse polystyrene (M. = 153,000) in toluene (Ueberreiter, 
1968). Because of the polydispersity in molecular weight and as well as the initial 
particle size of the guar gum powders used in the present study, the apparent swelling 
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6.7 Schematic representation of a spherical particle solvent diffusion and particle a 
dissolution process: (a) initial particle; (b) the initial swelling stage; (c) dissolution 
stage and (d) end of the stationary stage. F, = Solid-polymerfront,, Fs = gel-solidfront; 
h= thickness of gel layer. 
Furthermore, it is well known that relationship between viscosity and polymer 
concentration in solution is quite different when the concentration is below or well 
above the critical concentrations C*, if M90 guar flour solution is used as an example, 
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i1o - C" when C< C* whereas when C> C*, Tj - C4.3. In other words, the viscosity 
increases more rapidly as the concentration increases when C is wen above C*(C>C**). 
On the other hand, at the very initial stage of dissolution process, when concentration C 
< C*, the viscosity does not increase significantly as the concentration increases. This 
effect may also partially contribute to the small slope of the first regime of hydration 
lines. However, since C* of the high molecular weight guar samples is very low, it will 
only take a short period of time for concentration to exceed C* after dissolution starts. 
The studies carried out by Peppas et aL (1994) were under so-called sink conditions. 
The dissolved polymer molecules were washed out of the sample surface by a 
continuous flow solvent. By contrast, in our experiments the volume of solvent was 
constant The polymer concentration in aqueous phase as well as the viscosity of the 
dispersion increased continuously during the wholedissolution process. This increase in 
viscosity may reduce the mixing efficiency of the dispersion. Thus, as a consequence, the 
effect of transport of polymer molecules from the interaction surface to the bulk solution 
becomes gradually more pronounced. This can become one of the limiting steps of the 
dissolution process. This effect partially offsets the acceleration in the dissolution rate at 
the final stage observed by Peppas et A (1994). This may explain why the hydration 
process in the present study did not show the final acceleration stage. 
The first stage of the hydration process usually accounted for less than 20 minutes of 
the incubation time and so the viscosity level that developed at this stage was very 
limited. For some guar gum flours with a high hydration rate the first stage was actually 
not detectable under current experimental conditions. 'Ibus, in our later studies only the 
second stage was considered. 
6.5 Conclusions 
In this chapter, several commonly used hydration models were evaluated for the 
hydration process of guar gum flours. The Weibull function has been found to be useful 
for describing the hydration kinetics of those polymer. However, the use of this model 
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was limited because of the complexity of the curve fitting process. A simple logarithmic 
model was also developed and found to be more suitable for describing the common 
commercial guar gum flours with satisfactory accuracy. By using this model the 
hydration process can simply be described by two hydration constants which may be 
obtained from a linear plot. This model was selected for the further study of hydration 
kinetics of guar gum powders. It is expected that this model would be also useful for 
studying other high-molecular-weight polymer powders, although further experiments 
would be needed for these polymers. 
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Effects of polymer concentration and molecular 
weight on hydration rate of guar gum powders 
7.1 Introduction 
A rheological method has been designed for determining the hydration rate of guar gum 
flour in Chapter 6. The empirical logarithmic model for describing the hydration kinetics 
of guar gum powder was also established and found to be a reliable model for predictive 
purposes. Subsequent work using the same technique and model will involve studying a 
number of physico-chemical variables that are likely to influence the hydration behaviour 
of guar galactomannan. 'Mese include galactomannan concentration, molecular weight, 
particle size and pH environment. The first two are covered in the current chapter and 
the last two in Chapters 8 and 9, respectively. 
'ne effects of molecular weight and polymer concentration on the rheological properties 
of polysaccharide systems have been well established (Launay, 1986). However as 
discussed in Chapters I and 2, when considering the physiological activity of dietary 
non-starch polysaccharides the hydration rate of the polymer is of critical importance. It 
is known that molecular weight influences the hydration rate of macromolecular 
materials, and, in this respect, the polystyrene-toluene system has been the most 
commonly used system for the studies of polymer dissolution (Ueberreiter, 1968). 
However, there is no study reported in detail on the hydration behaviour of guar 
galactomannan in relation to its molecular weight. It will be particularly useful to know 
to what extent the hydration rate is affected by the molecular weight of guar samples 
that are of practical interest in the food industry, especially those that are of use in 
clinical nutrition. 
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One of the aims of the present chapter was to investigate and compare the hydration rate 
of the commercial guar gum flours (Meyprogat series) of different average molecular 
weights. Thus, the guar gum flours were used for each experiment without any pre- 
treatment except for the adjustment of the moisture content. T'he effects of 
concentration on the hydration rate will also be investigated. The main objective of this 
study is to determine if the polymer concentration will significantly affect the hydration 
rate of guar gums in the concentration range normally used in clinical trials. It hoped 
that the results. of this study could help us to understand some aspects of the 
physiological effects of guar gum and provide useful information about the types, doses 
and mode of administration of guar gum and other s-NSP that should be used to 
optimise their therapeutical effects. 
7.2 Materials and methods 
7.2.1 Study of molecular weight effects on hydration rate 
Commercial guar gum flours of different average molecular weight (Meyprogat series, 
Meyhall Chemical AG, Switzerland) were used in this study. The moisture content of 
samples were adjusted to approximately the same level before hydration experiments. 
Each sample was placed in a container and left in a sealed incubator containing saturated 
sodium chloride solutions (in a beaker) for about 24 h at 27*C. Sample characterization 
including chemical composition, galactomannan content, average molecular weight and 
particle size were carried out according to the methods described in Chapter 3. 
Ile hydration experiments were carried out according to the method described in 
Chapter 3 with small modifications. The mixing box rotated at a speed of 6 r. p. m. The 
ultimate viscosity was determined in a different ways. After the homogenising step the 
samples were allowed to hydrate for a further 3h at higher tempterature (40 IC). The 
moisture loss during the homogenising step was compensated. 1% (w/v) solutions based 
on galactomannan content and 1.1% (w/v) solutions based on the dry matter weight 
content of different guar gum flours were used, respectively. Viscosity measurements 
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performed on the Rheometrics Fluids Spectrometer (RFSII). A plate-plate geometry (50 
nun in diameter, I mm gap) was used for high-molecular-weight samples including guar 
gum grades M150 and M120. The couette geometry (for details see Chapter 3) was 
used for the rest of the samples. The zero-shear viscosity was calculated as the average 
value of the first four experimental points at the lowest shear rate used (five 
measurements were made per decades during the viscosity measurement). 
7.2.2 Study of concentration effects on hydration rate 
This experiment was conducted using M120 guar gum at different concentrations 
between 0.5% - 1.4% (w/w). The same hydration method was used as described in 
Chapter 3, but the rotating speed of mixing box was 15 r. p. m. in order for the 
experiment to cover a wider concentration range. The viscosity was measured using 
Brookfield rheometer with a small sample adapter and different spindles (see Chapter 3). 
The zero-shear viscosity was calculated as the average value of the first two points at 
the lowest range of shear rate used (between 0.1 -1 s-'). 
7.3 Results and discussions 
7.3.1 Sample characterizations 
7.3.1.1 Chemical compositions 
Chemical compositions of guar flours including galactomannan content are summarised 
in Table 7.1. The galactomannan content of all six samples were found to be slightly 
different. Generally, the samples of high molecular weight contained a high 
concentration galactomannan. Apart from galactose and mannose, there were small 
amount of other monosaccharides present such as glucose and arabinose which 
accounted for approximately 3% - 5% of total NSP contents and varied in different 
samples. In contrast, samples of low molecular weight contained a larger proportion of 
ash than the samples of high molecular weight. This is due to the higher salt content that 
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is introduced as a result of the hydrolysis treatment when preparing the low molecular 
weight samples. 
Table 7.1 Chemical compositions of guar gumflours (gl]00g dry matter). Results are 
mean of duplicates (n=2) except for the galactomannan content which is the mean of 
triplicates (n=3). S. D. was the pooled standard deviation of all the samples. 
Samples Protein 
(Nx5.7) 






M7 2.3 0.5 7.9 80.7 1.9 85.6 
M30 3.0 0.5 4.5 83.0 1.2 87.3 
M60 3.2 1.3 3.1 82.1 1.6 87.0 
M90 4.0 1.2 1.7 91.3 2.6 98.0 
M120 3.8 1.4 0.5 91.4 2.0 96.6 
M150 3.7 1.2 0.6 87.8 1.3 92.8 
± S. D. 0.5 0.1 0.1 4.6 0.4 4.9 
7.3.1.2 Density 
The pycnometer used measures the true volume of a powder sample (i. e. the volume 
bounded by the outer surface layer and excluding the open pores). From the volume data 
the true density is calculated. The accuracy of this method is 0.05 g/CM3 . The densities 
of the six guar gum flours were found to be almost identical as shown in Table 7.2. 
Although the density of M150 was slightly lower than the others, this may be due to its 
relatively higher moisture content rather than any real difference in sample density. 
Table 7.2 Density of guar gumflours. Results are the mean of triplicates (n=3). 
Samples M7 M30 M60 M90 M120 M150 
Moisture 11.9 8.6 9.8 8.6 7.9 12.8 












S. D. 1 0.01 1 0.01 1 0.005 1 0.004 10.002 10.001 
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7.3.1.3 Particle size and specific surface area 
Table 7.3 and Table 7.4 tabulated the average particle size (d. ) and specific surface area 
(A. p) measured by Fisher sub-sieve sizer and Malvern instrument, respectively. All values 
are the average of triplicates. From the Fisher measurements, the average particle size 
and specific surface area between each samples were very close to each other except for 
samples M90 and M60 which had slightly larger d. and small Ap. There were also small 
differences in particle size between these samples when measured by the Malvern 
instrument. The particle size of sample M90 was significantly larger than those of other 
samples. This is consistent with the results obtained from Fisher measurements. The 
distribution of particle size was also found to be different as shown in Figs. 7.1 a-7.1 f. 
For example, compared to M150, M120 has a slightly broad range of particle size 
distribution. The particles with mean diameter smaller than 25gm accounted for 12% of 
the total particles in M120 (Fig. 7.1b), whereas there was only 6.5% of this fraction in 
MI 50 (Fig. 7.1 a). This difference also can be seen in SEM images in Figs. 7.2a - 7.2f It 
is clear that M120 has a greater proportion of finer particles than M150. The shapes of 
particles between each sample were also found not to be the same. For example, M90 
appears to have more roundish shaped particles compared to M 15 0 and M7 which were 
more rod shaped. 
Table 7.3 Surface volume mean diameter (dd measured by Fisher sub-sieve sizer. Me 
specific surface area (A., p) was calculated according to equation 3.8 (see Chapter 3). 
Sample Porosity ± S. D. d. (gm)± S. D. Ap(ný/g) 
M7 0.543±0.003 22.1±0.6 0.176 
M30 0.477±0.003 23.2±0.6 0.164 
M60 0.454±0.002 24.3±0.1 0.159 
M90 0.448±0.004 23.7±0.4 0.164 
M120 0.458±0.003 23.1±0.1 0.172 
M150 0.508±0.005 23.9-1-0.1 0.173 
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Table 7.4 Mean particle size (dd and specific surface area (Ap) measured by Malvem 
instrument. 
Samples d. ± S. D. (pm) Ap± S. D. (mý/g) 
M7 55.5±4.3 0.130±0.03 
M30 52.7±4.6 0.139±0.03 
M60 54.5 ±1.6 0.167±0.04 
M90 70.8±3.7 0.128±0.03 
M120 50.9±6.7 0.155±0.03 
M150 60.7±1.5 0.126±0.02 
From the results of above particle size analysis, it is worthy of noting that although the 
mean particle size and the distribution of the particle size of all the guar gum flours 
studied here are close to each other, there are still small differences. In particular, sample 
M120 has a higher proportion of finer particles, and M90 has the largest mean particle 
size. As it will be discussed below, these differences may have effects on the hydration 
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Figs. 7. ]a - 7. If Particle size distributions of guar gum samples measured by Malveni 
Instrument. 
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Figs. 7.2 a-7.2f Scanning electron microscope images of guar guniflours (Meyprogal 
series: M150 - MV. 
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7.3.1.4 Molecular weight estimation 
The molecular weight of different samples was again estimated by measurement of the 
intrinsic viscosity. The viscosity average molecular weight (M, ) was calculated by the 
Mark-Houwink relationship, given as: [Til =kM, ' where k=3.8 xIO-4, cc = 0.723. The 
results are tabulated in Table 7.5. 
The intrinsic viscosity values (molecular weight) estimated here were generally higher 
than one would have expected. This is thought due to the method adopted in this 
analysis. That is the guar gum samples were purified before measurements were taken. 
Therefore, in the calculation of the intrinsic viscosity the polymer concentration was 
accounted for on the basis of the galactomannan content rather than on the dry weight 
of flour which includes other polysaccharides and impurities as in previous studies. 
However, it does not exclude the possibility that some small oligosaccharides might be 
lost during the purification process. (see Chapter 3 for details of the method). It is 
known (Asp, et al., 1992) that oligosaccharide (normally with less than 10 - 15 
residues) would not be precipitated in 80% ethanol, which was the concentration used to 
precipitate galactomannan polysaccharides during purification. Nevertheless, the 
oligosaccharides will have only very limited contribution to the overall average 
molecular weight, particularly to the high molecular weight samples. 
Table 7.5 Intrinsic viscosity, molecular weight and critical concentration C*(=11[i7]) 
of guar gumflours. All values are means o duplicates. )f 
Samples M7 M30 M60 M90 M120 M150 
[, tl] (dVg) 1.66 3.99 6.75 10.5 15.42 17.53 
M 
"XIO-6 (g/mol) 0.11 0.37 0.75 1.39 2.37 2.82 
C*(%) 0.60 0.25 0.14 0.10 0.07 0.06 
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7.3.1.5 Moisture content adjustment 
Guar samples were exposed to the air with saturated NaCI solution at 27 *C for about 
24 hours. It was assumed that the equilibrium moisture content (EMC) was attained 
after that period. The EMC of all the samples (Table 7.6) are not necessarily exactly the 
same if the original moisture contents are different. This is because of the so-called 
absorption hysteresis phenomenon. At any given water activity the water content of a 
material will be greater during desorption then during absorption at the same 
temperature. Nevertheless, it is unlikely that such small differences in EMC between the 
samples will affect their hydration behaviour significantly. 
Table 7.6 Equilibrium moisture content (FMC) of guar gum flours under saturated 
NaCl solutionfor 24h at 27 9C. 
Flours d M7 M30 I M60 M90 M120 M150 
EMC % 12.04 10.03 1 10.14 10.33 10.19 11.74 
7.3.2 Effects of polymer concentration on hydration rate 
In Chapter 6 the following double logarithmic model was developed to describe the 
hydration process of guar gum flours: 
In (I- Tj, /Tjý, ) =b+k In (7.1) 
where hydration constants k and b can be extracted from the plots of In (1-'9t/'tl. ) vers"s 
In t, which is a group of straight lines with slope k and intercept b. The hydration index 
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The experiments were carried out on M120 at a concentration (C) range of 0.5 - 1.4%, 
corresponding to a C/C* range of 8- 22. Beyond this concentration range the viscosity 
was either too low or too high to measure using the Brookfield viscometer (DVII). The 
experimental results are summarised in Table 7.7 and Figs. 7.3-7.5. 
Table 7.7 Hydration constants k, b and to. 8 obtained from hydration experiments of 
different concentrations of M120 guar gum. 
C(%w/w) C/c. k b - to. 8 
0.5 7.7 -0.379 0.321 163 
0.6 9.2 -0.399 0.455 176 
0.8 12.3 -0.501 0.698 100 
1.0 15.4 -0.564 0.737 65 
1.2 18.5 -0.585 0.826 64 
1.3 20.0 -0.436 0.35 90 
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Fig. 7.3 Hydration constant k vs. concentration (C) for M120 guar gum of different 
concentrations. 
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Fig. 7.4 Hydration constant b vs. concentration (C) for samples of M120 of different 
concentrations. 
From Figs. 7.3 and 7.4, it can be seen that in the concentration range 0.6% - 1.2%, both 
the magnitudes of the slope k and intercept b of hydration curves increase with the 
increase in concentration. There is an approximately linear relationship (r2 =0.96, df--3, 
p<0.05) between k and C. According to equation 7.2, the corresponding values of to. s 
would decrease with increase in k, but increase with increase in b. Consequently, as 
shown in Fig. 7.5, to. s actually decreases with increase in concentration. This indicates 
that the higher the polymer concentration, the faster the hydration process is within this 
concentration range. However, at a concentration of 1.2% there was a marked change in 
this tendency. When C>1.2%, to. g increased with respect to concentration increase, 
indicating that the hydration rate reduced at the concentration above 1.2% (see Fig. 
7.5). 
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Fig. 7.5 Hydration index to. 8 vs. concentration for M120 guar gum. Solid line was the 
polynomial regression (quadratic) of the experiment data (r' =0.960). Dotted line is a 
prediction of the theoretical behaviour. 
From the above results and discussions the relationship between the hydration rate and 
concentration can be visualised as occurring in three regions, dilute solution region 
(C < 0.5%), intermediate region (0.6-1.2%) and concentrated region (C>1.2%). 
Unfortunately, the results of the present experiment did not provide sufficient evidence 
to illustrate the first region due to technical limitation, apart from the first two 
concentrations, which showed that the hydration rate of 0.6% was lower than that of 
0.5%. Nevertheless, from the consideration of theory, there may be several possibilities. 
One of these is that the hydration rate is independent of concentration, but only 
determined by the hydration rate of each single particle. In this case, hydration is 
achieved mainly through the diffusion process of the polymer molecules since the 
difference of the concentration between the swollen layer of particle surface and the bulk 
solution was large and the deposition of the polymer molecules from the solution to the 
particle surface was limited. However, because the increase in concentration will 
stimulate the deposition process of the polymer molecules onto the surface of swollen 
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particles, it is likely that at some stage the hydration rate decreases with the increase 
in 
concentration. ' 
In the medium concentration range (0.6 - 1.2%), the hydration rate increased with 
increasing concentration. It seems difficult to interpret these results at the first sight. 
Generally, the hydration rate increases with increase the 'effective' specific surface area 
(m2/g) of the sample. Thus, contrary to the results of the present study, in the 
concentration range 0.6 - 1.2%, an increase in hydration rate with an increase 
in 
concentration would not be expected, because the initial specific surface area is not 
change with concentration. Although the mechanism of this process needs more careful 
study, one possible explanation for the increase in hydration rate in the concentration 
range 0.6 - 1.2% is that the shear force caused by the rotation of the mixer plays a more 
important role in this situation. 
As has been described in the previous chapter, the powder particles form a swollen gel 
layer during the hydration process. 'Me deformation of this layer would depend on the 
,,, 
is the viscosity of the gel layer and il,., is the viscosity of viscosity ratio il, here il, 
the continuous medium, i. e. the solution. 'Me deformation of the gel layer would only 
occur when this ratio is lower than certain level under a given shear rate. For example, 
Tolstoguzov et al. (1974) have demonstrated that the deformation of a dispersed 
emulsion droplets in flow was only obtained when the viscosity ratio (1j,.. /Ij. 'j) < 0.7 
when 0< ije.,, and the deformation increased in proportion to the decrease of 
this ratio in the range ij,.,, /ij,. j >1. Similarly, in the current experiment, deformation is 
unlikely to have occurred in dilute solutions because of the high viscosity ratio (small 
ij,,. j). As the concentration increases this viscosity ratio decreases because of the increase 
in solution viscosity (ij,,. j). The deformation would occur at some stage when this ratio is 
low enough under a given shear rate. Moreover, in some concentration range, this 
deformation would be expected to increase with the increase in concentration. The 
deformation of the outer gel layer facilitated the removal of the polymer molecules from 
the particle surface. In addition, the deformation also created a new hydration surface, 
which further enhanced the hydration process. 
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It is not difficult to explain the mechanism by which the hydration rate decreased with 
incrzasing polymer concentration when C>1.2%. It is obvious that the ratio ?. 1 
for the hydration system of guar gum. This implies that the deformation should reach a 
plateau when ij,, VTji is close to I under a given shear rate. Meanwhile, when high 
viscosity developed, the diffusion of the polymer molecules was highly suppressed, and 
on the contrary, the deposition of the polymer molecules onto the swollen surface of the 
particles was increased because of the small difference in concentration between the gel 
layer of the particles and bulk solution. Moreover, the competition for water molecules 
increased with the increasing concentration of guar gum; this would also limit the further 
hydration of guar gum at higher concentrations. 
7.3.3 Effects of molecular weight on hydration rate 
The initial objective of this experiment was to investigate the differences in the hydration 
rate of guar gum flours of different average molecular weight. One point that needs to 
be bome in mind is that the values for many physical factors that influence hydration, 
such as particle size, shape and surface properties, density etc., are not exactly the same 
between different guar samples. Thus, it is difficult to distinguish between the effects of 
M,, and all the other physical factors that are likely to influence hydration. Nevertheless, 
the molecular weight difference is obviously the most significant factor amongst all these 
factors. 
Because there were difference in galactomannan contents of different grades of samples 
selected for study (see Table 7.1), this experiment was carried out in two groups in 
order to take into account of this difference. That is, the hydration rates of different 
samples were compared at the same concentration at 1% w/v on the basis of 
galactomannan content (group 1) and at 1.1% (w/v) on the basis of the dry matter 
content (group 2). 
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Fig. 7.6 Examples of hydration curves of different guar gum samples according to 
equation 7.1. 
The logarithmic model for hydration was found to fit the hydration curves of all the guar 
gum samples studied except for the two lower molecular weight samples M30 and M7. 
Fig. 7.6 is an example of the hydration profiles for 1% M150, M120, M90 and M60 
when plotted according to equation 7.1. Samples of M7 and M30 were found to hydrate 
so rapidly that no viscosity change could be easily and reliably recorded using the 
present method. 
The hydration indices, tO. 8, calculated for the four guar gum samples were surnmarised in 
Table 7.8 and plotted in Fig. 7.7 as a function of molecular weight. The hydration rate 
were found indeed to be affected by the average molecular weight of the samples. The 
results showed that the low molecular galactomannan was more rapidly hydrated than 
high molecular weight polymer, using a polymer concentration (1%, w/w) based either 
on the same polymer weight or the same dry matter content. This was also in 
accordance with the hydration behaviour of samples of M30 and M7, which hydrated 
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extremely quickly. For example, the 1% dispersion of M150 calculated on the polymer 
basis required approximately 7 times longer to achieve 80% ultimate viscosity compared 
to M60 of the same polymer concentration. When the comparison was made on these 
two samples for 1.1 % dispersions on the dry weight basis, the to. 8 value of M 150 was 13 
times larger than that of M60. 
The only exception to this general trend was sample M120, of which the hydration rate 
was not so different from M150, despite the fact that it has a lower molecular weight 
compared to the latter. Indeed, statistics showed that the difference in hydration rate 
between these two samples was not significant as shown by the error bars which denote 
2xS. E. (i. e. 2 times standard error) (p<0.05). 1his indicates that the hydration rate of 
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Fig. 77 Hydration indices (to. 8) of samples of M150, M120, M90 and M60 in relation 
to average inolecular weight. Error bars denote W. E. (p=95%). 
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Table 7.8 Summaries of hydration experiments of guar gum samples with different 
molecular weight. GM% denotes galactomannan content. r-' is correlation coefficient. 
Values are means of triplicates. 
Samples Polymer basis Dry weight basis 
to. g±S. D. 2xS. E. GM% tO. 8±S. D. W. E. 
(min) (min) 
................. ........ M150 ............................. 307±34 ......................... , 39 .................... 0.94 ......................... ! 88% ............................. 359±65 
...................... 75 ....................... 0.93 
............................ M120 ............................. 363±62 ......................... 72 .................... 0.97 ......................... 91% ............................. 363±62 ...................... 72 ....................... 0.97 
i . 6if 1. 13 ... ....... 0 . 90 











........................ . ... 26±6 





It is not difficult to explain the apparent abnormal hydration behaviour of M120 when 
compared to M150. The difference between the average molecular weight of M120 and 
M150 is relatively small (less than 20%, see Table 7.5). Also, from the SEM images of 
the sample powders (Fig. 7.2), it is clear that some whole cellular inclusions of 
galactomannan were still remaining in the M120 sample as in the M150. This indicates 
that some of the galactomannan inclusions were not degraded at all during the industrial 
hydrolysis treatment of the M120. Furthermore, as mentioned previously, M120 
contains a larger fraction of very fine particles (D, <25Rm) compared to M150. It is 
likely that most of these particles were mainly produced during the hydrolysis treatment, 
and therefore contained mainly low-molecular-weight galactomannan. If this was the 
case, then during the hydration process the molecules from this fraction would hydrate 
rapidly, but would contribute less to the overall viscosity of the solution because of their 
relatively low average molecular weight. On the other hand, the fractions with large 
particle size would tend to hydrate slowly, but make a larger contribution to the solution 
viscosity because of the relatively higher average-molecular-weight of the 
galactomannan. In addition to this, the actual polymer concentration of this fraction 
(with high molecular weight) was actually lower than the proposed concentration (i. e. 
1.0%) and therefore lower than that used for M150. For instance, if the low molecular 
weight fraction accounts for 10% of the total weight of the sample, a 1% solution based 
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on total sample weight is actually a 0.9% solution based on the high M,, fraction), This 
concentration difference reduced the hydration rate of M120 even further as previously 








Fig. 7.8 Intrinsic viscosity of two fractions of M120 samples showing that the 
distribution of the molecular weight was related to particle size distribution. 
In order to determine whether there is a difference in molecular weight between different 
particle size fractions of M120, the intrinsic viscosity of these fractions were measured. 
Fig. 7.8 shows the intrinsic viscosity plots of two fractions of M120 obtained by seiving 
method. Fraction I accounted for 37% of the total M120 samples (by weight) and 
consisted of particles < 45 gm. Fraction 2 accounted for 40% of total sample, and 
consisted of particles > 63 pm. The intrinsic viscosity of the fraction 2 was found to be 
17.0 dl/g, which is very close to the intrinsic viscosity of mi 5o ([11]=l 7.5 dl/g, see Table 
7.3), whereas, the intrinsic viscosity of fraction I was 14.9 dl/g. This confirms the view 
that the lower particle size fraction of M120 contained a larger fraction of hydrolysed 
and therefore low-molecular-weight galactomannan. This assumption can also be tested 
in the future by preparing blends of skewed molecular weight distribution. 
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7.4 Conclusions 
In this chapter, the effects of concentration and molecular weight on the hydration rate 
of guar gum flours have been investigated. The hydration rate was found to be strongly 
dependent on the polymer concentration, but this relationship is complex. At 
intermediate polymer concentrations, the hydration rate increases with increase in 
concentration. This was thought to be caused by the swollen gel layer of guar gum 
particles becoming deformed by the shear force of mixing. At more concentrated 
systems, the increase in concentration will suppress the hydration, thus hydration rate is 
reduced. Although this mechanism is based on the results obtained from M120 guar 
sample, this explanation can probably be applied to other grades of guar gum and other 
similar polymers. 
It was also concluded that molecular weight had a significant effect on the hydration rate 
of the guar gum samples studied. The results clearly show that there is an inverse 
relationship between molecular weight and hydration rate. Although the hydration rates 
of M120 and M150 were found not to be significantly different, this was thought to be 
due to the irregularities of the distribution of the molecular weight of M120 with respect 
to the particle size. 
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Effects of particle size on hydration rate of 
guar gum powders 
8.1 Introduction 
8.1.1 Background 
The particle size of polysaccharide gums greatly influences their physico-chemical 
properties, including their rate and degree of hydration. Usually, the rate of hydration of 
small particles is greater than that of large ones, because the rate of hydration of 
particulate materials is dependent on the specific surface area in contact with the liquid 
medium (OConnor and Greenberg, 1959). However, in the case of some neutral 
polysaccharides such as guar and tamarind gums, the uncharged molecules have a strong 
tendency to form large aggregates. Therefore, the effect of particle size on hydration 
behaviour is somewhat more complex. Coarse material with small specific surface area 
will hydrate slowly and sink rapidly when added to water without enough mechanical 
agitation. On the other hand, extremely fine particles often hydrates so rapidly that any 
material caught in the wet surface film will immediately agglomerate. This will delay 
further hydration because of the reduced "effective" surface area. Devotta el aL (1994) 
demonstrated experimentally that there is a critical particle size of the polymer particles 
below which the dissolution time was independent of particle size. However, this 
experiment was carried out using a single particle and did not take into account the 
possibility of aggregation of the fine particles. 
In industrial applications, various methods have been developed to yield uniform 
dispersions of such polysaccharides. For example, the use of an inert solid material, such 
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as sucrose powder, or, the use of an inert water-miscible liquid, such as methanol and 
glycerol, may bring about a physical separation of the polysaccharides particles, thereby 
enabling them to hydrate independently without "lumping". The added materials may be 
removed by dialysis, or, in the case of the more volatile alcohol, by evaporation. 
However, when polysaccharides are used as food supplements for certain therapeutical 
purposes and consumed in solid form, selecting the appropriate particle size for 
obtaining the desired hydration rate becomes extremely important. 
The aim of this chapter is to investigate the hydration behaviour of guar gum with 
respect to different particle size using the hydration method described in Chapter 6. The 
particle size selected here covers a broad range of size including the usual size range of 
commercial guar gum flours (Meyprogat M150 to M7). 
8.1.2 Previous studies 
There have not been many systematic studies reported in the area of hydration of 
polysaccharides, especially regarding the effects of particle size on hydration rate. Pittet 
(1965) cited that coarse particles of Guaran (a commercial granulate guar sample) may 
be dispersed into water by hand-stirring, whereas a finely powdered guar gum sample 
required vigorous mechanical agitation to obtain a smooth 1% w/w dispersion. Ellis el 
al. (1991) studied the physiological properties of wheat breads containing guar gum 
samples with respect to molecular weight and particle size. They reported marked 
difference in the development of viscosity for samples of different particle size in vitro. 
To et aL (1994) also investigated the hydration rate of three guar gum flours of size 
range between 50pm-150pm. They observed that the hydration rate increases with 
reduction in particle size. These studies further stressed the importance of investigating 
the effect of particle size on the hydration properties of polysaccharides with regards to 
their biological function. 
Kroger (1993) reported that the thermal stability of guar gum was improved with 
increasing particle size. Although the author did not mention this, a higher proportion of 
undissolved polysaccharides in coarse samples may be partially responsible for the 
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improved thermal stability. This is because for most plant cell wall polysaccharides, a 
proportion of water-soluble polysaccharide is likely to be trapped in the cell wall, thus 
remaining undissolved. The proportion of material remaining undissolved may be greater 
in coarse materials than in fine particles. Thus, although on the one hand, excessive 
heating may cause polysaccharide degradation, on the other hand, it can also increase 
the proportion of the dissolved polysaccharide. As a consequence, the reduction in 
viscosity caused by polymer degradation was partially compensated by an increase in 
concentration of the hydrated polysaccharide. The solubility of polymer materials has 
been observed to depend on particle size previously (Irani and Callis, 1963). 
8.2 Experimental 
8.2.1 Materials 
Samples used in this experiment were kindly provided by Dr. W. C. Wielinga et A 
(Meyhall Chemical AG, Kreuzlingen, Switzerland ). All the six guar gum powders were 
ground directly from the same batch of guar endosperm in order to minimise differences 
in physical and chemical properties such as molecular weight, polymer content etc. 
Special care was taken to minimise the possibility of molecular degradation. The control 
of particle size was achieved by the control of milling time and passage times. The 
molecular weight was examined by the measurement of intrinsic viscosity as described in 
Chapter 3. The galactomannan content was analysed according to the Englyst method 
(see Chapter 3). 
8.2.2 Particle sizing 
The choice of methods of particle size analysis is limited by the particle size range and 
also the available experimental conditions. The particle size of the samples used in this 
experiment covers a wide range of size. Nowadays, there are many modem techniques 
to analyse the particle size. However, the sieving method is still one of the easiest and 
most widely used methods. In this experiment the samples of large particle size (Master 
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C, D, E, G) were analysed by the sieving method and those of small particle size were 
analysed with'a Malvern laser diffraction particle sizer at the Department of Pharmacy, 
King's College London. Both methods and their principles have been described in detail 
in Chapter 3. 
8.2.3 Modified hydration method 
The hydration method described in Chapter 3 was modified slightly in this experiment. 
For samples of large particles the measurement of viscosity was affected by the inclusion 
of the undissolved particles. At present it is difficult to evaluate the contribution of these 
particles to the viscosity of the dispersion. The difficult lies in the lack of information of 
factors such as the fractional volume of the particles and the size and shape of the 
particles, which are continuously changing during the hydration process. Thus, before 
viscosity measurements were made aliquots of the guar solution were centrifuged on a 
microcentrifuge (Eppendorf 5414S, 15000 r. p. m. ) for about 60-90 seconds. The 
supernatants were used for the measurements of the viscosity development during 
hydration process. Therefore, the viscosity measurements for each time point was 
delayed by about 3 min. The rotating speed of mixing box was 10 r. p. m. in this 
experiment. The ultimate viscosity was measured as described in Section 7.2.1. 
8.3 Results 
8.3.1 Particle size analysis 
Surface area and volume are two important parameters of particles and they are 
proportional to the square and cube, respectively, of some characteristic dimension. The 
constants of proportionality depend upon the dimension chosen to characterise, the 
particle. 'nie surface area per unit volume is called volume-specific surface (S,, ). In sieve 
analysis, S, can be obtained by: 
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where w, is the fractional weight residing between two sieves of average aperture d, 
(Allen, 1990) and c6 is surface-volume shape coefficient. 06 =6 for spheres and 
increases when the particles become rod-like or flaky. Ibe complete standards may be 
obtained from British Standards BS4359 (1970) Part 3. In the present study a, = 10 
was selected by examining the shapes of the powder particles through SEM images. 
If a particle analysis is carried out by two different techniques, the two results can be 
brought into coincidence by multiplying by a shape factor provided that particle shape 
does not change with particle size (Allen, 1990). In the present study, one of the samples 
of medium size (Master G) was analysed using both sieving and laser diffraction 






where d, and d. are the characteristic size obtained by sieving and Malvern techniques as 
described in Chapter 3, respectively. This ratio was applied to convert the results 
obtained by Malvern to that of the standard sieving result. In other words, a diameter 
determined by Malvern analysis multiplied by the ratio xvd would yield the sieving 
distribution. This procedure and results are demonstrated in Fig. 8.1. 





=O. 67 d n% o. 5 112.5 
(8.2a) 
where d.. o. 5and d., o. 5are the median size of sample g obtained by sieving and Malvern 
methods, respectively (i. e. it is the 50% size on the cumulative frequency curve). 
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Fig. 8.1 An example (Master G) of converting particle sizing distribution of Malvern 
data to sieving size using ratio Vd(see equations 8.2,8.2a). where d,, O., 5 =112.5 and 











8.2 Cumulative percentage curves for samples B to G. Data of samples B and G 0 
were produced firom Malvern measurement and converted to sieving size using ratio 
xVd,. The rest of the data was obtained by sieving analysis. 
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The results of particle size analysis are presented in the form of cumulative undersize 
percentage frequency curve in Fig. 8.2, in which the curves of samples B and G are 
converted sieving size using ratio xVd, and the others were obtained by sieving analysis. 
From equation 8.1 the volwne-specific surface (S, ) and mean diameter d,, = oc,, /S,, 
were calculated and tabulated in Table 8.1. 
Table 8.1 Volume-specific surface area (S.,, ) and mean diameter (d., ) for guar samples 
of different particle size. Data of samples B and G were produced from Malvern 
measurement and converted to sieving size using ratio xVd,. The rest of the data was 
obtained by sieving analysis. 
Ssv (X 10-4 M2/m 
4) 
d,, (gm) 
Samples ti t2 Mean ti t2 Mean 
B 16.4 17.6 17.0 61 57 59 
c 2.0 2.2 2.1 500 454 469 
D 3.3 3.4 3.4 303 294 297 
E 4.4 4.8 4.6 227 208 218 
F 5.1 5.4 5.2 196 185 192ýýj 
G 12.9 11.9 12.4 78 8 1_ 
8.3.2 Galactomannan content 
The galactomannan content of guar sample was analysed using the Englyst method. 
From the initial analysis, the total galactornannan contents of the six samples were found 
to be significantly different. The galactomannan contents were found to be higher in 
samples of small particle size compared to those of larger particle size. In order to 
investigate this further, the samples of larger Particle size were finely ground by a 
laboratory hand grinder and re-analysed. From Table 8.2 it can be seen that the total 
galactomannan contents of all the samples (including these re-ground) are then 
reasonably close to each other. Tlie (pooled) standard deviation of the mean 
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galactomannan content of all the samples was ±1.5%, which was well within 
experimental 6rror. 
Table 8.2 Galactomannan content and intrinsic viscosity of guar gum samples of 
different particle size. * denotes intrinsic viscosity obtained after solutions were 
homogenised, or galactomannan content of re-ground samples. 
Samples B C D E F G S. D. 
Moisture 10.5 11.4 11.5 11.8 11.8 10.3 0.7 
Particle size d, (gm) 59 469 297 218 192 81 













8.3.3 Molecular weight 
The molecular weight of samples was estimated by intrinsic viscosity measurement. Just 
as in the case of the galactomannan analysis, intrinsic viscosity was also dependent on 
particle size. Thus, the larger the particle size samples produced smaller intrinsic 
viscosity. However, when the solutions of larger particle size guar gum were 
homogenised using a sonic mixer for about five minutes and left for further mixing for a 
couple of hours at room temperature, the intrinsic viscosity significantly increased 
compared to unhomogenised solutions (the compensation for water evaporation was 
always made). As shown in Fig 8.3 and Table 8.2, after this treatment the standard 
deviation of mean intrinsic viscosity was only ±0.5 for the mean of all the samples. This 
indicated that, in materials of large particle size a higher proportion of the water-soluble 
galactomannan is unavailable for hydration unless vigorous disruption. Thus, the initial 
variation in intrinsic viscosity between the guar samples was caused by differences in 
concentration of hydrated galactomannan rather than any real difference in molecular 
weight. This further confirmed that the solubility of guar gums is indeed particle size 
dependent. 
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Fig. 8.3 Plots of measured intrinsic viscosity [771 vs. mean particle size d,,, showing the 
ffect of the homogenising of the sample solutions on [171. 
8.3.4 Hydration properties 
Fig. 8.4 describes the hydration profiles of all six samples over 6 h. Each sample was 
measured in duplicate or triplicate. The difference between the replicates was reasonably 
small as can be seen from Fig. 8.4. The ultimate viscosity was taken after the dispersion 
was homogenised for about 6 min (the temperature did not exceed 40*C), and then 
allowed to hydrate for a further 3h at 40'C. A measurement after 24 h was also taken 
and compared to the previous value. In most cases, there was little difference between 
these two values. On a few occasions, the viscosity decreased slightly after 24 hours. 
Two factors which might be responsible for this decrease in viscosity are microbial 
degradation and/or enzymatic hydrolysis. It has been reported previously that a 
dispersion of guar gum gradually lost its viscosity after 24 hours at 25T depending on 
the levels of bacteria in the sample (Goldstein and Alter, 1973). The ultimate viscosities 
of all the samples were found to be similar, which correlates with the galactomannan 
content. However, as discussed in the previous section this does not mean that the 
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proportion of water soluble fraction of all the samples is the same. Without the 
homogenisation step used in the current study, the hydration time needed for all the 
galactomannan to go into solution, may reach infinity for samples of very large particle 
size. For example, the dispersion viscosity of sample C had only developed about 10% 








Fig. 8.4 Hydration profiles of guar gum samples of different particle size measured by 
zero-shear viscosity development. 
The hydration model developed in Chapter 6 was found to fit very well with data of 
samples B, G and F. But it was not suitable for samples of big particle size (samples C, 
D and E). In order to compare the hydration rate of all the samples a new hydration 
index had to be introduced. By applying a polynomial regression, each hydration profile 
in Fig. 8.4 can be expressed by the following equation: 
ao +a, t+ a2 t2+ a3t'+ a4t ..... (8.3) 
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Thus, d7j/dt is the instantaneous hydration rate measured by viscosity development at 
each time point. dTl/dt may be obtained by differentiating equation 8.3: 
n'(t) = dii/dt = al +2a2t + 3a3 t2 . ...... + na. t ... . .......... (8.4) 
Then, by applying the first-derivative test or the second-derivative test the maximum 
value of 'q'(t) can be obtained: m= (dri/dt).,.. Here, m is actually the maximum 
hydration rate during the hydration process. There is a corresponding time point t.,,,, at 
which the fastest hydration rate lies. At this point we define our new hydration index as: 
v= m/t. (8.5) 
The physical meaning of equation 8.5 will be discussed later in this chapter. 
All data were found to be fitted well by no more than a cubic model. The regression 
results were tabulated in Table 8.3 and illustrated in Fig. 8-5. Fig. 8.6 represents the 
corresponding derivatives of data in Fig. 8.5, (i. e. the curves of instantaneous hydration 
rate vs. time). The maximum hydration rate (m) and the corresponding time may 
also be read approximately from this figure or calculated from the regression equations. 
From these, the hydration index can be calculated according to equation 8.5 for each 
sample. 
Table 8.3 Polynomial regression results (equation 8.3) for viscosity development of 
samples B to G during the hydation process. 
B c D E F G 
ao 3426 27.5 -61.03 
1 
-2.48E2 -5.267E2 -3.149E2 
a, 44.0 -1.116 1.766 1.133EI 3.066E I 5.269EI 
a2 -0.1814 1.572E-2 4.23E-2 9.14E-3 -7.159E-2 -1.918E-1 
a3 2.486E-4 -1.386E-5 -8.75E-5 -4.67E-5 5.951E-5 2.474E-4 
r, 0.97 0.996 0.994 0.998 0.995 0.994 
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Fig. 8.5 Results of polynomial regression of hydration profiles for samples B to G. 
Data points are mean values of duplicates or triplicates. 
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Fig. 8.6 Hydration rate (d? lldt) profiles of samples B to G obtainedftom the derivation 
of hydration profiles in Fig. 8.5. 
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The hydration indices and the mean particle size of the experimental Samples are listed in 
Table 8.4 and illustrated in Fig. 8.7. From the results it can be seen, there is clearly a 
inverse relationship between hydration index v and particle mean diameter (d, ). A plot 
of log v vs. d,,, exhibited a linear relationship in the particle size range around 60-300gm 
(r 2=0.97, df = 3). However, the hydration index dropped more rapidly when the 
particle size increased further. The v value of swnple C cannot be taken too literally, 
because the predicted t.. from the regression function exceeds the actual experimental 
time. But, what can be stated unequivocally is that the hydration rate decreases more 
rapidly with increasing particle size when the particle size is larger than certain level (- 
300 gm in this experiment). As expected, v increased significantly with increasing 
specific surface area of the samples (Fig. 8.8). These results indicate the strong effects of 
particle size on the hydration rate of guar gum samples. 
Table 8.4 Maximum hydration rate (m), their corresponding time (t.. ) and hydration 
indices (v) for guar samples B to G. * calculated values from regression function (see 
equation 8.3 and Table8-3). 
....... ............. B ................... C* ...................... D ............................ E ............................ F .......................... G 
59 469 297 218 192 81 
(min) 20 720 159 . ........................ 75 ............................. 50 .......................... 30 
.... . ....... M 
....... 65.9 ..... . ..... ............. 0.017 . ...... . ................. 12.3 ............................ 14.9 ............................ 28.4 .......................... 53.9 
v 3.3 2.3E-5 
. ............. . ..... 0.08 ............................ 0.2 ............................ 0.57 .......................... 1.8 
logv 0.52 -4.6 -1.10 -0.7 -0.24 0.26 
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Fig. 8.7 The effect of mean particle size (d, ) on the hydration index (v) of guar gum 
samples showing the linear relationship of log v vs. d, (r2= 0.97) at small particle size 









Fig. 8.8 Relationships between hydration index (v) and specific surface area (S, ) of - _0 
guar gum samples. 
180 
100 200 300 400 Soo 
Mean particle size d sv 
(gm) 
5 10 is 20 
Specific surface area S Sv 
(10 -4 m2 /M 
3) 
8.4 Discussions 
8.4.1 Effects of particle size 
The results of this chapter clearly showed that there was an inverse relationship between 
hydration rate and mean particle size. This inference was based on the fact that the 
particle has been uniformly dispersed into the water with vigorous mixing. During the 
experiment we found that samples of extreme particle size are more likely to lead to 
clumping. A finer-mesh gum sample has a greater requirement for good dispersion when 
samples are added into water. On the other hand, a coarse material requires enough 
mixing rate during the whole hydration process. This is because the slowly developed 
viscosity is not able to keep the sample particles well suspended, which results in 
clumping of partially hydrated particles. 
A specific particle size should be carefully selected to suit particular applications in order 
te C Ir to obtain desired hydration properties. The way in which particles hydra is th f St 
critical factor of concerned here. This includes how the particles are exposed to water, 
and the mixing rate during the hydration process. For example, the actual mixing rate in 
the human gastrointestinal lumen could be very different from that used when preparing 
industrial solutions. Whether or not polysaccharide gum is prernixed with other 
ingredients, such as when they are incorporated into foods, also cause significant 
difference in hydration properties (Ellis and Morris, 1991). There are many other factors 
that may affect the hydration properties which are beyond the scope of this chapter, and 
thus are omitted here. 
8.4.2 Use of polynomial regression 
Although the regression equation has less physical meaning in describing the kinetics of 
hydration process itself, it has been proved very useful in comparing the hydration rate 
data of several samples that could not be fitted by one single model. It is particularly 
convenient to use in the studies where the ultimate viscosity is different, or difficult to 
detemine accurately. 
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The hydration index defined in this chapter has actual physical meaning. As illustrated in 
Fig. 8.9, V actually defines a straight line with m/t.. as slope and zero as the intercept. 
This index not only takes into account the maximum hydration rate, but also the time 
needed to attain this maximum hydration rate. In the situation seen in Fig. 8.9, samples 
X and Y have the same maximum hydration rate (m), whereas samples Y and Z need the 
same time tinax to reach the maximum hydration rate. If either m or -t. is used we 
cannot distinguish the hydration rate for all three samples, since X and Y have the same 
m values, whereas Y and Z have the same t.,, x value. However, by comparing m/t.., the 
difference in hydration rate is obviously X>Y>Z since vx > vy > vz. 
dil/dt 
Fig. 8.9 Schematic graph to illustrate the physical meaning of the hydration indexv. 
8.5 Conclusions 
The effects of particle size of guar gum on the hydration properties was 
comprehensively studied and discussed in this chapter. A clear inverse relationship 
between hydration rate and mean particle size was found. The importance of selecting 
proper particle size to suit specific applications was further stressed. The polynomial 
regression method was successfully applied to describe the hydration process and a 
useful hydration index (v) was defined for the comparison of hydration rate. This 
approach was found to be very useful to compare the hydration rate of several samples, 
especially when the ultimate viscosity is different or difficult to determine. 
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Chapter 9 
The stability of guar gum in solutions and the 
effects of pH on hydration rate under acidic 
conditions 
9.1 Introduction 
The pH of the human stomach is normally acidic but not lower than pH 1.5 after a meal 
(Rayding, et al., 1984; Savarino, el aL, 1988). Therefore, the study of hydration 
behaviour in acidic environments is of particular interest in the area of digestive 
physiology and nutrition. Many polysaccharides are readily degraded in extreme 
conditions, such as high temperature, acid or alkali media, or even severe mechanical 
disruption. The stability of guar gum under acid conditions has not yet been thoroughly 
investigated. it will be useful therefore to obtain information on the susceptibility of guar 
galactomannan to acidic depolymerisation before investigating the pH effects on the 
hydration behaviour under acidic conditions. 
Foster (1967) reported that the viscosity of 1% guar and locust bean gums at 751C 
decreased significantly after the solution was adjusted to pH 4.0 for about one hour. 
This decrease in viscosity was terminated after neutralisation. Bolliger (1959) studied 
the influence of hydrogen-ion concentration on the viscosity of guar gum slimes. The 
results showed that the stability of the guar solution (0.5% w/w) was optimum at 
pHs 6-7 and also a maximum in the viscosity was obtained at this pH. At pHs 5 and 8 
the same solution gave a relatively high viscosity, whereas pHs 3 and 10 gave a 
minimum viscosity. The thermal-degradation of guar gum has been studied by several 
other groups (Bradley, el aL, 1989; Kroger, et aL, 1993), again using polymer 
concentrations > 0.5% (w/w). 
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Although the results of these studies reflect certain aspects of the stability of guar gum 
under different conditions, it is difficult to draw a whole and clear picture of it to meet 
our requirements in the present study. There are three reasons for this. Firstly, it would 
seem more appropriate to use dilute solutions (close to C*) for the study of stability of 
guar gum in aqueous solution. If high polymer concentrations are used the viscosity 
reduction detected may not necessarily be caused by polymer degradation, but merely by 
a reduction in the intermolecular aggregation. Secondly, the pH condition and 
temperature have interactive effects on the stability of guar gum solutions. For example, 
in Foster's study (1967) degradation occurred at 75T and 55 T at pH 4 and 2, 
respectively. However, at lower temperatures such as human body temperature (37T), 
the solution may be relatively stable at these pHs. Thirdly, when using viscosity 
reduction as an indicator of polymer degradation it will be more useful to monitor the 
time course of each treatment rather than only simply measuring the ultimate viscosity as 
in previous studies (Bolliger, 1959; Foster, 1967). 
ir an The experiments in this chapter are divided into two stages The f st stage includes 
investigation of the stability of guar gum solution at 25"C, 3711C and 500C and at 
different pH levels. A special device was designed to allow the polymer degradation 
process to be monitored by determining changes in viscosity. The present study was not 
designed to investigate the kinetics of guar gum hydrolysis per se, but the main interest 
was merely to find out to what extent the viscosity of guar gum solutions will change 
under various conditions of pH and temperature. This approach allowed the time course 
of hydrolysis to be followed by measuring the changes in relative viscosity without 
interrupting the process and also without removing aliquots of the sample from the 
reaction vessel for viscosity measurements. On the basis of the information obtained 
from the above experiments, the hydration kinetics of guar gum solution was then 
studied under pH conditions where the polymer is stable or readily degraded. 
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9.2 Experimental 
9.2.1 Preparation of sample solutions 
Fully hydrated M150 guar gum solutions at a concentration of 0.07% (w/w, dry weight, 
corresponding to CIC* - 1.2) were prepared by dispersing the known weights of guar 
gum flour in deionised water for 0.5 h at 80 'C and then mixing overnight using a 
magnetic stirrer at room temperature. Solutions were filtered through a 0.2/0.8 gm 
syringe filter before measurements were taken. The experiment solutions were adjusted 
to the required pH by using different concentrations of hydrochloric acid (0.01 - 2M 
HCI) to ensure that the final concentration Of guar gum was always the same. The 
amount of HCl needed to attain certain pH levels was previously determined and 
recorded. Therefore, the hydrolysis process could be recorded immediately after adding 
the required amount of acid into the sample. 
9.2.2 Hydrolysis device 
1. Water bath 
2. Magnetic stirrer 





Fig. 9.1 Illustration of experimental rig for studying the degradation of guar gum in 
dilute solution. 
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The viscosity was determined by using a dilution capillary viscometer (Cannon 
Ubbelohde Dilution B glass viscometer. Glass Artefact Viscometers, Braintree, Essex, 
CM7 5JQ, UK) immersed in a water bath to maintain the temperature at 25 OC ± 0.1 OC. 
An L-shaped magnetic stiffer with a long arm (see Fig. 9.1) was also immersed in the 
water bath to allow vigorous mixing of sample solutions in the viscometer during the 
experiments. The stirrers was chosen carefully in order to minimise the disturbance on 
the measurement of viscosity. During the measurements the stirrer was suspended in the 
solution without touching the wall of the viscometer. 
9.2.3 Estimation of molecular weight during degradation process 
Using a capillary viscometer (see Fig. 9.1) the relative viscosity (11,, ) was measured, from 
which the specific viscosity was calculated 01, p = 1jr - 1). Intrinsic viscosity is normally 
determined by measuring reduced Viscosity Tired (= il,,, /C) at various concentrations in 
dilute solution and extrapolating to concentration C=0. The concentration dependence 
is often expressed in terms of the following relationship (Tanford, 196 1): 
11, p/C = 
[Til +K [Tjl 2C (9.1) 
where K is a constant known as the Huggins constant. For flexible polymer molecules in 
good solvents K is often near to 0.35. Somewhat higher values occur in poor solvents. 
Equation 9.1 was used in the present study to calculate intrinsic viscosity by measuring 
specific viscosity at finite concentrations. Thus, equation 9.1 was rewritten as: 
j+ 4 K-71 s r. - 
2KC 
(9.2) 
ftom the intrinsic viscosity [ill, the viscosity average molecular weight (M,, ) is calculated 
by using the Mark and Houwink equation with ot = 0.732 and k= IWO (Robinson, et 
al., 1982). 
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0 9.2.4 Hydration method 
The hydration experiments of guar gum under different conditions were conducted using 
the hydration method described in Chapter 3. The speed of mixing box was set at 6 
r. p. m and the ultimate viscosity was determined as described in Section 7.2.1. All 
experiments were carried out using M150 guar gum at concentration 0.8% (w/w) on a 
dry content basis. Before the guar gum sample was hydrated, the distilled water was 
adjusted to the desired pH level using dilute hydrochloric acid (0.01 - 2M). During the 
hydration process the zero-shear viscosity was measured on the RFSII, employing a 
plate-plate geometry (diameter 50 mm, gap I mm, for details of method see Chapter 3). 
9.3 Results 
9.3.1 Stability study of guar gum 
9.3.1.1 Kinetics of acidic degradation of guar gum in solutions 
As it has been discussed in Chapter 2, assuming that the degradation reaction of guar 
gum under acidic conditions is a random scission process, the reciprocal of average 
molecular weight (I/M, ) should have a linear relationship with the reaction time. In 
other words, the reaction obeys first order kinetics. 
The reciprocal of average molecular weight of guar gum was plotted against incubation 
time in Fig. 9.2 taldng temperature at 501C as an example. A strong linear relationship 
was obtained between IM, (which is proportional to the reciprocal of degree of 
polymerisation) and reaction time. All the correlation coefficients (r) were higher than 
0.98, and the estimated variances (sum of squareldegrees of freedom) were small. This 
indicates that, as predicted, the degradation Of guar gum solution under acidic condition 
follows first order kinetics. 
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Fig. 9.2 Plots of degradation process of guar gum in solutions (0.07% w1w) showing 
the linear relationship between reciprocal of molecular weight (IIM, ) and reaction 
time. T= 50'C Experiments were conducted in duplicate. 
9.3.1.2 pH effects on the degradation rate of guar gum in solution 
At a given temperature the rate of degradation was found to depend significantly on the 
pH level. The depolymerisation process was much more rapid in a higher [H+1 
environment, which was indicated by the reaction lines as seen in Fig. 9.2 with steeper 
slopes at lower pH levels. Fig. 9.3 shows the reduction in relative viscosity during the 
degradation process at 50'C. At a given temperature there was a pH level above which 
the reduction in viscosity was negligible, as was the case at temperature of 501C when 
pH>3.0. 
188 
60 120 ISO 240 300 






Fig. 9.3 Yhe relative viscosity (y7r) changes of guar gUm solutions (0.0 7% wAV) under 
differentpH levels at 50'C. All values are means of duplicates. 
9.3.1.3 Effects of temperature on the degradation of guar gum in 
solution 
Temperature had a pronounced effect on the degradation of guar gum polysaccharides. 
For example, as shown in Fig. 9.4, at pH 1.5 the molecular weight decreased rapidly at 
500C, whereas at 250 it was hardly changed. I-Iigh temperature would obviously 
accelerate the degradation process. At t= 370C and pH 1.5, which is the most relevant 
pH from a biological perspective, the degradation rate was found to be very slow. After 
four hours incubation under these conditions the viscosity decreased by only 11%, 
whereas at 500C it decreased by 37%. The viscosity reduction was calculated as the 
difference between the initial relative viscosity and the relative viscosity at 4 hour 
divided by the initial relative viscosity (it Will be same in the following text). The 
reductions in relative viscosity under different conditions after 4h incubation are 
summarised in Fig. 9.5 and Table 9.1. 
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Fig. 9.4 Plot of reciprocal molecular weight against time showing the effect of 
temperature on degradation rate of guar gum (0.0 7? 16, wAV) at pH 1.5. Ali values are 
means of duplicates. 
Table 9.1 Summaries of viscosity reduction of guar gum solutions (0.0 7yo, wAV) afj er 4 
h incubation at different temperature andpH levels. * not determined. 
Temperature 250C 370C 500C 
pH Viscosity reduction 
1.0 23.8 
1.5 2.0 11.0 36.7 
2.0 0.9 4.7 20.5 
2.5 2.1 4.4 
3.0 0.4 1.2 2.7 
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Fig. 9.5 1. iscosity reductions after 4h incuhation at three pH levels showing the 
temperature effect on the degradation ofguar gum (0.0 7%, wAv). 
9.3.1.4 The lowest pH that guar gum remains stable in solutions 
Experiments were carried out at 25'C, 37'C and 50'C and at pH levels between pH 1,0- 
pH 4.0. The above results have shown that, as expected, the temperature and pH had a 
interactive effect on the stability of guar gum solutions. Table 9.2 lists the lowest pH at 
which guar gum was found to be stable at temperature 25,37 and 50T. In this study, 
the guar gum was considered to be stable when the viscosity of guar gum solution was 
not reduced by more than 2% after 4h incubation at a stipulated temperature. The slight 
decrease of solution viscosity seen at all levels of pH below neutral is probably not due 
to the depolymerisation of guar galactomannan, but merely because of the change in 
water structure affecting the interaction between the water/galactomannan and 
galactomannan/galactomannan molecules. The mechanism for this could be complex. 
one possible explanation is that this reduction in viscosity is caused by the dissociation 
of aggregates of galactomannan molecules. The weak protonation of the hydroxyl 
groups in the galactomannan chains caused by high [H+] may reduce the intermolecular 
hydrogen bonding, thus disrupting the aggregation of the galactomannan chains. We 
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have also compared the viscosity of semi-dilute solutions of fully hydrated guar gum 
with the same polymer concentration but at different pH levels. There are indeed 
differences between them. For example, at 25*C the viscosity of a 1% solution at pH 3.0 
was found to be 2.3% lower than that at pH 6.5. It seems reasonable therefore to select 
a viscosity reduction of about 2% as the upper limit for the stability of a guar gum 
solution. 
Table 9.2 Summary of data showing the stability of guar gum in solutions at different 
temperalures and pH levels. 7he viscosity reduction (Ai7r) is calculated as the 
difference between the initial relative viscosity and the relative viscosity at 4h 
incubation time divided by the initial relative viscosity. 
Temp. ('C) 25 37 50 
Stable pH 1.5 3.0 3.5 
Ail, 2.0 1.2 1.4 
9.3.2 pH effects on hydration rate 
9.3.2.1 Under conditions where polymer degradation is negligible 
A comparison of the hydration rate of guar gum was made at pH 3.0 and pH 6.5 at 
25'C, i. e. the conditions under which no degradation take place. There were noticeable 
differences between the hydration profiles of pH 3.0 and pH 6.5 as can be seen from 
Fig. 9.6. The initial hydration rate was slower at pH 3.0 compared to pH 6.5, which was 
reflected by a lower starting viscosity in solution of pH 3.0 than that of pH 6.5. For 
example, after 8 min incubation the relative difference in viscosity between these two 
dispersions was found to be 80% using the following equation: 
All 0% = 
100 X( 11 pH 6.5 - 11 pH 3.0 (9.3) 
( tl pH 6.5 
+ 11 pH 3.0 
)/2 
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Fig. 9.6 Effects of pH on hydration behaviour of guar gum prepared as 0.8% (W4) 
solutions at 25C, when no polymer degradation took place. 
However, as can be seen from Fig. 9.7, Aijo decreases gradually with hydration time, 
indicating that the hydration rate was higher at pH 3.0 than at neutral conditions at later 
times. After 4h hydration, A71o reduced to 8%. Fig. 9.8 shows the same hydration data 
in Fig. 9.6 fitted with the logarithmic model for hydration described in Chapter 6. It can 
been seen that the hydration curve at pH 3.0 has a steeper slope than that at pH 6.5 in 
the later time periods, indicating that the former hydrated faster at this later stage. The 
hydration index to. s, which was calculated according to the logarithmic model, for pHs 
6.5 and 3.0. was 710 and 1050 min, respectively. Therefore, the overall hydration rate of 
guar gum is higher at neutral pH than in acidic conditions vvithin the time period studied. 
The ultimate viscosity levels of these two solutions are not very different, 2.3% lower in 
viscosity at pH 3.0 compared to pH 6.5. If we compare this result with degradation 
experiments (see Table 9.2), it seems to suggest that the effect of reducing pH on 
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viscosity loss is concentration dependent. The viscosity reduction caused by decreasing 
pH is more pronounced in concentrated solutions than in dilute solutions. 
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Fig. 9.7 Time courses for viscosity differences o between 0.8% (W ) guar gum A17 /W 
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Fig. 9.8 Plots for corresponding data in Fig. 9.6 fitted by logarithmic model of 
hydration (see Chapter 6). 
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9.3.2.2. Under conditions at which polymer degradation occurs 
Fig. 9.9 is the hydration profiles of 0.8% (w/v) guar gum (M150) at pH 2.0 and pH 6.5 
at 37"C. The above degradation study has shown that under conditions of pH 2.0 and 
37'C guar gum was readily degraded in solution. It can be seen that the viscosity is 
again lower in pH 2.0 dispersion than that in pH 6.5 at the initial stage. The mean 
difference in viscosity was also presented in Fig. 9.7. After 10 min incubation the 
viscosity of pH 2.0 dispersion was about 17% lower than that of pH 6.5. This difference 
became smaller gradually in the first 30 minutes and then remained at an approximate 
constant level until the first two hours. At this stage, the increase in viscosity induced by 
continuing hydration was partly offset by a viscosity reduction caused by polymer 
degradation. After two hours, the effects of degradation at pH 2.0 became more 
pronounced because of the reduction in hydration rate. A gradual decrease in viscosity 
was then observed and the viscosity difference between pH 2.0 and pH 6.5 increased 



















9.9 Example of pH effects on hydration behaviour of M150 guar gum when a 
polymer degradation occurs during the hydration process. Samples were prepared as 
0.8% (w/v) solutions on the dry weight basis and hydrated at two pH levels at 37C 
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9.4 Discussions 
The depolymerisation study carried out in this chapter was not intended to simulate the 
physiological conditions occurring in vivo. However, it is useful to discuss the 
implications of the results in terms of the likely behaviour of guar gum in the stomach 
and small intestine. 
A number of groups have investigated postprandial gastric pH prof-des (Harju, 1985; 
Savarino, et A, 1988). Following a normal meal the pH of the gastric contents 
decreases from about 5 to between 2 and 1.5. For example, Rayding el aL (1984) 
measured the intragastric pH (median values) in healthy human volunteers fed meals 
containing guar gum. The pH of gastric contents increased from pH 1.4 immediately 
after ingesting the meal to a peak value about pH 4.0, and then gradually decreased to 
pH 1.5 after 1.5 h as shown in Fig. 9.10. It is clear that the presence of food in the 
stomach behaves in a manner similar to a buffer in neutralising the acidity of gastric 
juice. Therefore, in the first hour (pH>2.0) there is unlikely to be any significant acidic 
degradation of guar galactomannan contained in the food. It is possible that some 
polymer degradation take place after the pH returns to the baseline value of 1.5 after 2 
hours, assuming that some food, as is probably the case, still remains in the stomach. 
However, it would be expected that any depolymerisation at this stage is likely to be 
limited. 
The reason for this is obvious. It is easier for the polymeric molecules to be degraded in 
solution than it is in a more solid state such as large granules. For example, it has 
recently been reported that the thermal stability of guar gum in aqueous solution 
improves with increasing granule size (Kroger, et aL, 1993). However, it was reported 
that when guar gum was incorporated into a food matrix the hydration of the guar gum 
will continue in the gut post ingestion (Brennan, et aL, 1996). Only a variable 
proportion of guar gum hydrates during transit in the upper gastrointestinal tract. Our 
recent in vitro experiments (not shown in this thesis) also showed that guar gum per se 
hydrated much more slowly than on its own when it was incorporated into wheat bread. 
Thus, the extent of degradation of guar gum when incorporated into a food complex will 
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certainly be much less than that in a fully hydrated solution under the same conditions. 
From Table 9.2 we can see, that at T= 37'C and pH 1.5 and with thorough mixing for 4 









Fig. 9.10 Intragastric pH changes with time after ingesting meals containing guar gum 
(Rayding et A, 1984). 
Although the acidic hydrolysis of guar gum may be limited in vivo, this does not exclude 
the possibility of degradation caused by bacterial enzymes in the upper gastrointestinal 
tract. It has been reported that the degradation of oat gum took place after passage 
through the stomach and the Proximal small intestine of pigs (Johansen, et aL, 1993). 
This degradation was ascribed mainly due to the enzymatic digestion, originating from 
microbes present in the gut. However, there is no evidence that this is happening to guar 
gum, although bacterial degradation of guar gum in the colon is known to be extensive. 
9.5 Conclusions 
The stability of guar gum polysaccharides under acidic condition was investigated using 
dilute solutions at temperature 25,37 and 500C. The lowest pH that guar 
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galactomannan remains stable under these temperatures were found to be 1.5,3.0 and 
3.5, respectivýly. The degradation process under the acidic conditions is likely to be a 
random scission process with first order kinetics. Current experimental results suggest 
that severe acidic degradation of guar gum is unlikely to take place in the upper 
gastrointestinal tract of humans. 
The hydration experiments carried out in the acidic condition indicated that the 
hydration rate of guar gum was influenced by pH. It was found that reducing pH would 
tend to decrease the hydration rate, mainly at the initial stage of hydration process. 
Although the hydration rate at acidic condition is slightly higher at the later time period 
than at neutral, the overall hydration rate was found higher at neutral than at acidic 
conditions. 
The viscosity of a fully hydrated guar gum solutions at acidic pH was found to be lower 
than it was at neutral. This reduction in viscosity was affected by the concentration of 
the polysaccharide, i. e. it is more pronounced at higher polymer concentrations. T'his 




General conclusions and future work 
10.1 General conclusions 
10.1.1 Detarium gum 
In this part of work, a seed polysaccharide extracted from delarium senegalense Gmelin 
was characterised by the use of a number of physico-chemical techniques. Chemical 
analysis indicates that the main s-NSP component of detarium gum is structurally similar 
to tamarind seed xyloglucan, but with slightly less galactose substitution on the detarium 
xyloglucan core than that found in tamarind. 
Rheological and light scattering measurements have shown that the intrinsic viscosity 
and molecular weight of detarium xyloglucan are relatively higher than that reported for 
tamarind xyloglucan. This in turn implies that detarium gum is likely to have greater 
viscosity-enhancing capacity than tamarind gum. The macromolecular solution 
properties investigated by steady and dynamic shear rheometry suggest that detarium 
xyloglucan is a well behaved linear polymer entanglement network system. However, the 
result from static light scattering measurements is not consistent with that of a linear 
macromolecule, but instead strongly suggests a small degree of long chain branching. 
Thus, a long chain branching architecture is proposed for detarium polysaccharide from 
this finding. 
In conclusion, it can be asserted that, the high molecular weight, high viscosity 
characteristics, together with the food origin of detarium gum strongly indicate that it is 
a very promising source of water-soluble dietary fibre for use as a nutritional supplement 
or more specifically as a therapeutical agent in the treatment of diabetes. The results of 
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preliminary human studies are consistent with this view (Onyechi, 1995). In common 
with many other polysaccharide gums extracted from plant materials, it also has other 
potentially important commercial applications, particularly in the food and 
pharmaceutical industries. 
10.1.2 Hydration kinetics of guar gum powders 
In this part of work, an improved method for determining the hydration rate of guar 
galactornannan flour was successfully developed. A logarithmic model for describing the 
hydration kinetics of guar gum flour was also established. In this model the hydration 
rate of different samples was compared using a simple hydration index. It is thought that 
this method could also be used to study the hydration kinetics of other polymers and 
other materials, such as foods supplemented with s-NSP, assuming that these materials 
are able to generate a certain level of viscosity during hydration. 
This hydration method was subsequently used to investigate the effects of a number of 
important factors that influence the hydration rate of guar gum. These factors are 
polymer concentration, molecular weight, particle size and pH levels. Although the 
experiments were conducted using commercial guar gum flours, which are highly 
heterogeneous with regard to their physical properties, some general conclusions may be 
drawn from these results with carefully explanations. 
From this experiments we can conclude that there is, in general, an inverse relationship 
between hydration rate and molecular weight. The hydration rates of different grades of 
guar gum flours'(Meyprogat range) are significantly different, except for M120, which 
has similar hydration rate as MI 50. The hydration rate increases with increasing polymer 
concentration at a low polymer concentration (low viscosity) range, but at higher 
concentration the hydration rate decreases. Guar gum hydrates slightly slower at acidic 
conditions when compared to neutral conditions, particularly in the initial stage of 
hydration. Finally, particle size was also found to greatly affect the hydration rate of 
guar gum. The effects of particle size on hydration rate need to be considered in 
conjunction with the way by which the polysaccharide powder is to be hydrated. Under 
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the present experimental conditions a significant inverse relationship was found between 
the mean particle size and hydration rate. 
The conclusions obtained from this study confirmed that the hydration rate of guar gum 
is greatly influenced by their physico-chernical properties and environmental conditions. 
It helps us to explain some of the phenomenon about the mechanisms of the actions of 
guar gum. It is also addressed the importance of choosing appropriate mode and grade 
of guar gum and other s-NSP to achieve optimum hydration properties. Moreover, many 
of the conclusions drawn from guar gum may also be applicable to similar 
polysaccharides. 
10.2 Future work 
10.2.1 Detarium gum 
Detarium gum has been shown to be a very promising polysaccharide in various 
applications, particularly as a good source of water-soluble dietary fibre. Although the 
physico-chemical properties of detarium gum have been characterised over a fairly wide 
spectrum of techniques in this study, there are still much work need to be done towards 
the applications of Ns material in treatment of disease such as diabetes and 
hyperlipidemia. Moreover, it potential use in the food, clinical and drug industries have 
yet to be explored. 
As far as the physiological effects of this material are concerned, one of the important 
topics that needs further investigation is the study of solubility and hydration properties 
under various conditions. This should include both purified polysaccharides and the 
original flour of detarium seed because the hydration property of these could be very 
different. The stability of this polymer under acidic conditions in vitro, or ideally in the 
gastrointestinal tract is also worth investigating. 
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Regarding the applications of detarium gum in food and pharmaceutical industries, it will 
be useful to look at the compatibility of this polymer with other substances presented, 
such as proteins, other polysaccharides and salts. Over the last 20 years or so, a 
considerable amount of research has been done on the study of the synergistic 
interactions between different polysaccharides. It will be especially interesting to look at 
the possible interactions between this long chain branching, non-gelling polymers and 
other charged or neutral polysaccharides. An initial suggestion might be to examine 
mixtures with xanthan, which is known to interact with galacto- and glucomannans. 
The static light scattering technique was successfully applied to examine the molecular 
weight and architecture of polysaccharides other than starch by employing pressure 
heating treatment of the samples. This result suggests a considerable future in re- 
examining the solution behaviour of a wide range of polysaccharides, employing the 
pressure-temperature method to create time-stable molecular solutions. The use of this 
method to produce more readily rehydratable materials is also worth examining. 
10.2.2 Guar gum 
Work presented in this thesis has answered a number of questions concerning the mode 
of action of guar gum using as dietary fibre supplements. It also raises a number of 
interesting points that need to be explored in the future. 
The result of experiments looking at pH effects indicate that severe acidic 
depolymerisation of guar galactomannan is unlikely to occur in the upper gastrointestinal 
tract of humans. However, in vivo studies are necessary to look at the stability of guar 
gum in the gut environment. Although it has been reported that the degradation of oat 
gum by microbial enzymes occurs when it passes through the stomach and the proximal 
small intestine of pigs (Johansen, el aL, 1993), no such study has been carried out using 
guar gum in either animal models or humans. However, it is well known that guar gum 
and similar s-NSP are fermented by bacteria in the colon as mentioned previously in 
Chapter 2. This work is currently in progress in our group using pigs as a model. 
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The hydration rate of commercial guar gums of different molecular weight has been 
found to be significantly different. Although samples of high molecular weight produce 
high viscosity after fully hydration, they tend to hydrate at a lower rate compared to 
lower molecular weight samples. Therefore, the effects of molecular weight on viscosity 
and hydration rate have to be considered at the same time when selecting appropriate 
samples for clinical and nutritional use. The combination of polymer samples of different 
molecular weight in one preparation is also worth attempting to try and create certain 
desirable hydration profiles. 
10.2.3 Hydration kinetic study of s-NSP 
During the last one or two decades, the crucial importance of the hydration property in 
determining the physiological effects of s-NSP has become increasingly by research 
workers. The hydration properties of s-NSP has been studied by a number of groups in 
different ways. There is a need to establish a relatively standard hydration method in 
order to compare the results obtained from different sources. The present work has 
made an good attempt on producing such a method. The hydration method developed in 
this study could be also applicable to a wide range of polysaccharides. 
Most natural polysaccharide gums are highly heterogeneous in terms of physical 
properties, such as molecular weight, particle size and surface properties. Directed by 
the practical applications of guar gum, the present project has used the original guar 
gum flours as the study objects. However, for a more theoretically focused study of 
hydration kinetics, particular efforts should be made to prepare more homogeneous 
samples, although absolutely homogeneous sample never exist in practice, especially 
with biopolymer materials. Thus, the use of synthetic materials is a alternative way to 
avoid this. 
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10.2.4 Hydration study of food system 
One serious problem encountered when administrating clinically effective types of s-NSP 
is their poor palatability when ingested as a viscous solution. To try and overcome this 
problem, pharmaceutical preparations, which hydrate slowly when mixed with water, 
were developed. Pharmaceutical preparations of guar gum (granules) are normally taken 
orally mixed with water or fruit juice immediately before a meal. In some cases however, 
these formulation have shown markedly diminished therapeutic properties. Recently, 
many s-NSP has been incorporated into a variety of food products, such as breads and 
breakfast cereals. Therefore, the next step of the study is to investigate the hydration 
behaviours of these s-NSP when they are incorporated into food systems. 
Foods containing s-NSP are even more complex systems to study. Some of the 
conclusions drawn from guar gum flour in the present project cannot necessarily be 
applied to studies of guar-containing foods. A study by Brennan el aL (1996) has shown 
that guar gum is closely associated with other components (such as starch) when 
incorporated into a food system, such as bread. In this case, the association between 
guar gum and other components become an important issue for the hydration of guar 
gum. Our preliminary studies have shown (results not shown in this thesis) that, the 
hydration rate of guar gum is considerably less in a food than on its own. Thus, it is 
obviously very important to investigate the hydration behaviour of food systems 
containing s-NSP for a better understanding of the mechanisms of the physiological 
effects of s-SNP. 
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